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 The Chillagoe mining district is located in northeast Queensland and has 
intermittently produced zinc, lead, silver, copper and gold from porphyry, skarn and 
carbonate replacement deposits since 1888. To understand the timing and controls on ore 
deposit formation, I remapped 121km2 of the district, re-logged 40km of core to create eight 
new cross sections for the four deposits, dated 21 rocks with U-Pb, Re-Os and 40Ar/39Ar 
geochronology, analysed the whole rock geochemistry of 89 rocks, acquired electron 
microprobe analyses of skarn and igneous minerals, and analyzed C-O isotope of calcite.  
The deposits of the district are the Red Dome Au-Cu skarn deposits, the Mungana Zn-
Pb-Ag-Cu skarn and Au-Cu porphyry deposits, the King Vol Zn-Pb-Ag-Cu deposit and the 
Redcap Zn-Pb-Ag-Cu-Au prospect. The gold + copper deposits are associated with rhyolite 
porphyry intrusions that have exsolved magmatic fluids within Silurian to Devonian shallow 
marine sedimentary rocks of the Chillagoe Formation. The lead-zinc-silver-copper skarn and 
carbonate replacement deposits are present along steeply dipping sedimentary contacts 
between carbonate rocks and other sedimentary units and along thrust faults. 
 The magmatism associated with these deposits occurred between 335 and 290 Ma and 
took place in four stages. The earliest potential magmatism occurred at 335 Ma with the 
formation of the Mungana base metal deposit. The ca 335 Ma molybdenite at Mungana does 
not overlap with any known intrusions of the district. Between 322 to 315 Ma, magmatism at 
Red Dome and Mungana formed Au-Cu porphyry deposits and associated skarns. The dacite 
and rhyolite composition Redcap volcanic rocks erupted contemporaneously with porphyry 
formation at Mungana. Sometime after the formation of the 317 Ma gold porphyry deposit at 
Mungana, the base metal deposit was deformed and migrated along the contact of the 
porphyry gold resource. Contraction followed shortly afterwards as evidenced by ca 312 Ma 
thrusting of the Chillagoe formation, Red Dome and Mungana over the Redcap volcanic 
rocks. Magmatism followed thrusting at Redcap as 310 Ma skarn formed along the thrust 
contact between the volcanic rocks and the overlying Chillagoe formation carbonate rocks. 
The 310 Ma Redcap base metal skarns were sourced from an undiscovered intrusion to the 
southeast or south at depth. The Red Hill granite pluton and a granite intrusion below 
Mungana formed at the same time as the Redcap skarns, however they are not directly 
related. Magmatic quiescence followed as much of what is now Queensland entered a period 
of extension and basin development. The final episode of magmatism of the Chillagoe district 
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occurred at ca 290 with the intrusion of the Belgravia and Ruddygore granodiorite plutons, 
and the formation of the King Vol Zn-Pb-Ag-Cu skarn and carbonate replacement deposit. 
 While the majority of the base metal deposits and prospects of the district are distal 
and thin (<10m) tabular Zn-Pb-Ag + Cu skarns hosted along near vertical sedimentary 
contacts, the largest deposit of the district (Red Dome) was hosted by a hydrothermal breccia 
at the top of the causative intrusion. Coexisting vapor rich and hypersaline fluid inclusions 
and rounded clasts of the causative porphyry within the skarn suggest fluid exsolution 
occurred from the top of the intrusion. These processes controlled the formation of the 150m 
wide breccia which hosted the largest resource of the district. The magmatic sources for the 
distal base metal deposits remain undiscovered at depth and may be the distal fringes of 
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CHAPTER 1 GENERAL INTRODUCTION 
1.1 Thesis Introduction 
The late Carboniferous to early Permian porphyry and skarn deposits of the Chillagoe 
District in northern Queensland, Australia are located on the western edge of the Silurian to 
Devonian Chillagoe Formation (Figure 1.1). The Chillagoe Formation contains abundant 
limestone, chert, sandstone, and lesser basalt (Figure 1.2). The limestone and marble of the 
Chillagoe Formation host numerous Au + Cu porphyry plugs, proximal Au-Cu skarns, distal 
Zn-Pb-Ag + Cu skarns, and massive sulfide replacements lacking calcsilicate mineralogy. 
These deposits include the Red Dome Au-Cu porphyry-skarn deposit, the Mungana porphyry 
Au and separate Zn-Pb-Ag skarn deposit, the Redcap Zn-Pb-Ag-Cu skarn deposits, and the 
King Vol Zn-Pb-Ag-Cu skarn deposit (Figure 1.2). These deposits have been mined 
sporadically since late 1800s. Red Dome, the largest resource discovered, produced 
approximately 15 Mt at 2.0 g/t Au, 0.5% Cu, and 15 g/t Ag between 1986 and 1996.  
The general geology, controls on ore deposit formation, and geochronology of the 
Red Dome, Mungana and Redcap deposits have been studied by numerous workers since the 
mid-1980s. Deposit scale geology and mineralization studies of Red Dome have been 
reported by Smith (1985), Torrey (1986), Ewers and Sun (1988), Nethery and Barr (1998) 
and Lehrmann (2012). Similar deposit scale studies of the geology and mineralization at 
Mungana deposits have been reported by Halfpenny (1991), Nethery and Barr (1996), Barr 
(1998) and Lehrmann (2012). Lehrmann (2012) reported the first comprehensive study of the 
mineralization, geology and geochronology of the Redcap deposits.  
Geochronology for the deposits in the Chillagoe district have been reported by 
Perkins and Kennedy (1998) and Lehrmann (2012). A compilation of these ages can be found 
in Figure 1.3. The age distributions for mineralization and the spatially associated intrusions 
do not always overlap. Based on the compilation, multiple ages for mineralization occurred 
within single deposit areas. For example, at Red Dome there are two reported ages for 
intrusions and mineralization – ca 325 Ma and ca 314 Ma. The spatial association of these 
ages and their geologic units in relation to the ore body remains unexplained. Table 1 
contains the geochronological data reported by Lehrmann (2012). The geochronology 
presented by Lehrmann were not shown on a geologic section to demonstrate how the ages 
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related to geology or the deposits. Two different intrusive rock types were dated: the quartz 
feldspar porphyry at ca 323 Ma and a dacitic porphyry at ca 311 Ma. How do they relate  
 
Figure 1.1 Distribution of the major Formations within the western portion of the Hodgkinson 
Province. Adapted from Henderson, et al. (2013). The small black outline is the location of 
Figure 1.2. 
 
spatially? The location of the dacitic porphyry or the sample that was dated is not shown in 
section or on a geologic map. Furthermore, the Re-Os molybdenite ages of 315 + 1 and 327 + 
2 Ma are also not shown to be spatially related to the quartz feldspar porphyry or the skarn 
that envelops the intrusion. Additional geologic context is required to establish how the 
zircon and molybdenite ages relate spatially or paragenetically to the skarn deposit.  
Similar problems persisted in the literature for the Mungana deposit. Four ages are 
reported: a 324 + 2 Ma rhyolite porphyry, a 305 + 2 Ma granite, 335 Ma + 1 Ma andradite-
wollastonite skarn (Lehrmann, 2012) and 308 Ma sericite (Perkins and Kennedy, 1988). A 
geologic cross section from Lehrmann (2012) shows two rhyolite intrusions, one granite 
intrusion and two tabular skarns hosted on opposite sides of marble. The samples that were 
dated are not shown on the section or on a geologic map. This leaves the reader to only guess 
which skarn and which rhyolite intrusion were dated by Lehrmann (2012) and how the 





Figure 1.2  Geologic map of the Chillagoe mining district. Data from 1:100,000 scale mapping of the Atherton and Mossman quadrangles 






Figure 1.2 cont’d: Geologic legend for map shown in Figure 1.2. 
 
 
Figure 1.3 Summary of geochronology for the Chillagoe district from previous studies. Data is 
from Lehrmann (2012), Murgulov et al. (2012), and Perkins and Kennedy (1998). Blue circles 
are U-Pb zircon analyses, black squares are Re-Os molybdenite analyses and the black 
diamonds are 40Ar/39Ar hornblende analysis. Perkins and Kennedy did not report an error for 






Table 1.1 Geochronology of the Red Dome Deposit from Lehrmann (2012) and 





Table 1.2 Geochronology of the Mungana Deposit from Lehrmann (2012) and Perkins 




Table 3: Geochronology of the Redcap area from Lehrmann (2012) and Murgulov 
(2012). Samples with ‘*’ are from Murgulov (2012). 
 
 
Lehrmann (2012) presented the first geochronological and paragenetic descriptions of 
the Redcap deposits. Molybdenite ages of 295 + 1 Ma and 299 + 1 Ma (Table 3) from 
clinopyoxene skarn and a molybdenite-quartz vein were reported along with a U-Pb zircon 
age of 297 + 2 Ma from the nearby outcropping Belgravia pluton located approximately 2 km 
Drillhole Rock Type Analysis Type Age and Error
936 Quartz Feldspar Porphyry U-Pb 322 +/- 2
982 Clinoypyroxene Skarn Re-Os 315 +/- 1
983 Gold-molybdenite quartz vn U-Pb 322 +/- 2
983 Gold-molybdenite quartz vn Re-Os 327 +/- 2
984 Quartz Feldspar Porphyry U-Pb 324 +/- 2
995 Dacitic Porphyry U-Pb 311 +/- 2
93 Crowded porphyry dike* U-Pb 322 +/- 4
Drillhole Rock Type Analysis Type Age and Error
883W2 Rhyolitic Porphyry U-Pb 324 +/- 2
883W3 Granite U-Pb 305 +/- 2
890W6 Andradite-wollastonite skarn Re-Os 335 +/- 1
94 Unknown* 40Ar/39Ar 308 +/- ?
Drillhole Rock Type Analysis Type Age and Error
949 Dacite U-Pb 310 +/- 2
950 Clinoypyroxene Skarn Re-Os 295 +/- 1
952W1 Dacite U-Pb 306 +/- 2
955 Molybdenite-quartz vn Re-Os 299 +/- 1
Surface Belgravia Granodiorite U-Pb 297 +/- 2
Surface Belgravia "Granite"* U-Pb 308 +/- 1
Surface  Ruddygore "Granite"* U-Pb 306 +/- 2
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northwest of the deposits (Figure 1.2). The cross section of Redcap presented by Lehrman 
(2012) does not illustrate the location of the molybdenite samples or how they relate to the 
geology or outcropping intrusions. In a separate study, Murgulov (2012) dated the Belgravia 
pluton by U-Pb zircon and reported an age of 308 + 1 Ma along with a U-Pb zircon age of 
306 + 2 Ma from the Ruddygore intrusion located approximately 2 km east of the deposits. 
These ages are significantly older than the age of the Belgravia reported by Lehrmann (2012). 
No explanation has been provided to explain the discrepancy in these ages. Did they date the 
same intrusion? Is one U-Pb the “correct” age? Are inherited zircon causing the variation, 
with Murgulov reporting inheritance as the crystallization age? These questions must be 
answered because the prospectivity of the Redcap skarns depend on their genetic relationship 
to the exposed and barren plutons. The largest skarns are typically formed above their 
causative intrusions, such as at the Antamina skarn deposit in Peru (Love et al., 2004). If the 
Redcap skarns are sourced from fluids exsolving from the Belgravia pluton and migrating 
laterally to the southwest, then it is likely that the majority of skarn that may have existed 
above the pluton has eroded. For example, the skarn deposit at Red Dome would have been 
eroded had the tops of the porphyry system been eroded down to the roots of the system. If 
the Redcap skarns are not genetically related to the exposed plutons, then further exploration 
potential remains in the direction from which they were sourced. The temporal and genetic 
relationship of the exposed plutons nearby to the Redcap deposits must be confirmed in order 
to evaluate their prospectivity.  
In addition to the lack of geologic context for the reported geochronology, the lack of 
skarn zonation mapping of the deposits prohibits interpreting genetic relationships between 
mineralization and the nearby intrusions. Skarns are consistently zoned from garnet rich near 
the intrusion to pyroxene rich at the medial to distal zones grading into massive sulfide 
replacements of carbonate in the most distal settings (Einaudi et al., 1981; Meinert et al., 
2005). Geochronology alone cannot be used to relate an intrusion to a skarn. Geochronology 
and skarn zonation employed in tandem can determine genetic relationships between skarns 
and intrusions, even in districts with many intrusions with overlapping ages. Based on the 
proximity of the skarns in Chillagoe to more than one intrusion, such as at Red Dome, 
Mungana and Redcap, skarn zonation must be mapped in order to better interpret where the 
resources were sourced.  
The King Vol Zn-Pb-Ag-Cu deposit (Figure 1.2) has never been studied in detail. 
How the geology, mineralization, skarn phases and geochronology relate to the rest of the 
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district is unknown. Is it similar to the other distal base metal deposits of the district? Are 
there intrusions outcropping nearby or present at depth? What is its age in relation to the 
other Zn-Pb-Ag resources of the district? 
Lastly, while most of the base metal deposits are present as thin tabular bodies 
(<10m) along the near vertical stratigraphic contacts of the Chillagoe Formation, the Red 
Dome deposit was hosted by a 150m thick chlorite breccia above a rhyolite porphyry 
intrusion. Smith (1985), Torrey (1986), and Ewers and Sun (1989) concluded that this breccia 
formed from dissolution of carbonate and karst collapse due to the lack of observed 
coexisting vapor rich and hypersaline fluid inclusions. Along with a new geochronological 
and genetic model for the deposits throughout the district, this thesis demonstrates that phase 
separation and exsolution of magmatic fluids formed a hydrothermal breccia above the Red 
Dome rhyolite intrusion and allowed for thicker ore deposit development. This thesis also 
demonstrates that Zn-Pb-Ag mineralization of the district does not directly coincide with the 
known porphyry deposits, but that their roots have not been explored and that exploration 
potential remains below current drilling depths. 
This thesis presents new geologic mapping covering 121 km2, new detailed geologic 
cross sections covering all four deposits, reports new U-Pb, Re-Os and 40Ar/39Ar ages of 21 
igneous rocks and molybdenite bearing mineralization to present a newly constrained 
geochronologic model, and skarn zonation mapping of the deposits to link the intrusions to 
the skarns of the district. The primary objectives of this thesis are to establish 1) the ages of 
the deposits, 2) the geochemical and textural characteristics of the causative intrusions, 3) the 
temporal relationship between the Au + Cu porphyry-skarn deposits and the distal Zn-Pb-Ag 
+ Cu deposits, and 4) the controls on the largest deposit formation. 
The thesis includes four deposit scale chapters (Chapters 2 through 5) which detail the 
geology, mineralization, geochronology, and geochemistry of the associated skarn 
mineralogy. To conclude the thesis, Chapter 6 combines the geologic, geochemical, and 
geochronological data from the deposit scale chapters and literature to present a new geologic 
evolution model for the district. Each of the deposit scale chapters employ similar analytical 
methods (e.g., Re-Os geochronology, C-O isotopes, electron microprobe analyses, etc). In 
order to not repeat information on the methods used, the appendix contains the described 
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CHAPTER 2 THE GEOLOGY OF THE BRECCIA  
HOSTED RED DOME AU-CU-AG SKARN-PORPHYRY DEPOSIT  
 
Abstract 
The Chillagoe mining district in Northeast Queensland is on the western edge of the 
Paleozoic Hodgkinson Province located in the northern Tasman Fold Belt. The Silurian-
Devonian limestone bearing Chillagoe Formation hosts numerous gold-copper-silver 
porphyry-skarn and zinc-lead-silver skarn and carbonate replacement deposits. The largest 
deposit discovered to date is the Red Dome gold-copper-silver skarn-porphyry deposit. It was 
mined from 1986 to 1996 with an initial resource of 15 Mt at 2.6 g/t gold, 0.5% copper and 
15 g/t silver. Most of the deposit is hosted by a 150 m thick, pervasively chlorite-altered 
polymict breccia that replaced Chillagoe Formation limestone at the top of a mineralized 322 
+ 2 Ma rhyolite porphyry stock.  
Previous studies did not find evidence of phase separation and concluded that the 150-
meter-thick breccia which hosted the gold resource at Red Dome formed by collapse of karst 
within the Chillagoe limestone. This study presents new geologic cross sections, paragenesis 
and fluid inclusion data which illustrate that phase separation did occur within the causative 
intrusion at Red Dome, and that the phase separation process played a fundamental role in 
creating the breccia which hosted the Red Dome ore body. We illustrate that within the 
causative rhyolite porphyry stock, unidirectional solidification texture (UST) quartz, 
miarolitic cavities, and vermicular quartz phenocrysts formed earliest. Hedenbergite-rich 
pyroxene (Hd85-98) endoskarn within the stock postdates UST and varies from disseminated to 
massive replacements. Quartz stockwork with sericite halos cuts the hedenbergite endoskarn 
and UST. At the shallowest portions of the intrusion, garnet, clinopyroxene, and epidote 
veins cut the earlier pyroxene and quartz stockwork. Massive sulfide veins cut all earlier 
endoskarn and quartz stockwork veins and are restricted to the shallow portions of the stock 
and the overlying breccia. Exoskarn on the edges of the porphyry is thin, garnet-rich (Ad61-
100), and contains subrounded clasts of the rhyolite stock. Garnet exoskarn above the 
porphyry is more voluminous and contains subrounded to rounded clasts of the stock. 
Chlorite, quartz, calcite, bornite, chalcopyrite, chalcocite, and native gold replace the 
prograde garnet exoskarn. Late aphanitic rhyolite dikes cut the porphyry stock, are 
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surrounded by minimal exoskarn when in contact with marble, and do not appear to have 
added metals to the Red Dome deposit.  
Based on new evidence of phase separation, C-O isotope data of calcite and rounded 
clasts of the causative intrusion within the host breccia, we conclude that fluids exsolved 
from the causative magma were focused at the top of the intrusion and formed a 
hydrothermal breccia. Brecciation of the carbonate rocks provided the fluid pathways 
necessary for forming a 150 m thick skarn deposit, whereas other skarns of the Chillagoe 
mining district form <10 m thick tabular mineralized bodies along sedimentary contacts 
between marble or limestone and other units of the Chillagoe Formation. While many gold-
rich skarns have abundant pyrrhotite and occur where there is replacement of distal pyroxene-
rich exoskarn, Red Dome is an example of a proximal and pyrrhotite-poor exoskarn where 
gold mineralization replaces garnet-magnetite rich skarn. 
2.1 Introduction 
The Chillagoe mining district is located approximately 13 km west-northwest of the 
town of Chillagoe, Queensland and is composed of four separate deposits and prospects 
(Figures 2.1 and 2.2). Significant deposits for the district include the Red Dome Au-Cu-Ag 
skarn-porphyry deposit, the Mungana Au-Cu skarn-porphyry and Zn-Pb-Ag skarn deposits, 
the King Vol Zn-Pb-Cu-Ag skarn and carbonate replacement deposit and the Redcap Zn-Pb-
Cu-Ag-Au skarn prospect (Figures 2.1 and 2.2). The mines of the district have yielded lead, 
copper, silver, and gold ores since discovery of skarn and related massive sulfide deposits in 
1888. White marble and limestone were also produced from the district. Early production in 
the district, including from the Red Dome deposit, consisted of mining shallow, oxidized 
skarns and skarn related-massive sulfide bodies that yielded 328,320 metric tons (t) of ore 
producing 31,328 t Pb, 7,782 t Cu, and approximately 3.5 Moz Ag (Broadhurst, 1953). An 
unknown quantity of gold was produced during this period as a byproduct from the base 
metal ores. Numerous small shafts within Red Dome were also used to extract oxidized 
copper and lead ores with gold as a byproduct. Samples that contained up to ~10.7 g/t gold 
were recovered (De Keyser and Wolff, 1964).  
In the early 1970s the potential for gold mineralization at Red Dome was recognized. 
Before the 1970s, gold in skarns was mostly produced as a byproduct of other metals 
(Meinert et al., 2005). Although minor underground copper production had occurred 





Figure 2.1 Distribution of the major formations within the western part of the Hodgkinson 
tectonic province. Adapted from Henderson et al. (2013). Black box is location of Figure 2.2. 
The Chillagoe District contains the Red Dome Au-Cu-Ag skarn-porphyry deposit, the 
Mungana Au-Cu porphyry and Zn-Pb-Ag skarn deposits, the King Vol Zn-Pb-Cu-Ag skarn 
deposit and other prospects in the area. The town of Chillagoe is located 13 km southeast of 
Red Dome. 
 
commenced in the late 1970s. Drilling between 1978 and 1986 defined a resource of 15 Mt at 
2.6 g/t Au, 0.5% Cu, and 15 g/t Ag. The Red Dome deposit was mined from 1986 to 1996 
and yielded 829,500 oz Au, 3 Moz Ag, and 34,400 t Cu. 
Since the Red Dome breccia hosts the largest deposit discovered to date, 
understanding its origin is important for exploration of similar deposits in the region. 
Previous workers have described the origin of the Red Dome breccia as karst collapse (Smith, 
1985; Torrey et al., 1986; Ewers and Sun, 1989) that occurred near the paleosurface (Nethery 
and Barr, 1998). This interpretation conflicts with previous fluid inclusion pressure estimates 
between 400-1,600 bar (Ewers and Sun, 1989), which would preclude a near surface 
formation depth. This study presents a new geologic map of the district, describes new 
hydrothermal breccia textures, presents new C-O isotope data of calcite to model hydraulic 
controls on brecciation, and provides the first evidence of phase separation at Red Dome. The 
new data demonstrate that a hydrothermal breccia formed the Red Dome breccia at the top of  
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Figure 2.2 Bedrock geologic map of the Chillagoe mining district. Cross section locations shown in lower left insert. The Ordivician Mulgrave 




the causative intrusion and that karst collapse is unlikely to have been a primary mechanism 
for deposit formation. This interpretation suggests that the deposit formed deeper than 
previous workers suggested and that similar breccia systems may exist below the distal Zn-
Pb-Ag +/- Cu skarns and carbonate replacement deposits currently being mined. 
Previous workers have identified two ages of mineralization, including those related 
to the 322 + 2 Ma Red Dome rhyolite porphyry stock (Perkins and Kenney, 1998; Lehrmann, 
2012) and a younger 315 + 2 Ma molybdenite bearing skarn (Lehrmann, 2012). This study 
confirms that mineralization at Red Dome is directly related to the 322 + 2 Ma Red Dome 
rhyolite porphyry stock, and that the younger mineralization age presented by Lehrmann 
(2012) is hosted by a thin skarn not connected to the Red Dome deposit. 
2.2 Geologic Setting 
The Chillagoe mining district is underlain by rocks of the Chillagoe Formation along 
the western margin of the Hodgkinson Province in northern Queensland. To the southwest, 
the district is bounded by the Palmerville Fault, which is the suture zone which separates a 
terrane of Silurian-Devonian sedimentary rocks of the Chillagoe Formation and Ordovician 
conglomerate from Precambrian schistose and gneissic rocks of the North Australian Craton 
(Figures 2.1 and 2.2). Based on a 2D seismic survey, the Palmerville Fault is interpreted to 
dip towards the east and underneath the Hodgkinson Province (Korsch, et al., 2012). The 
Chillagoe Formation, with the exception of the Kitoba Member, is composed of shallow 
marine rocks and includes abundant limestone, chert, sandstone, and conglomerate with 
conformable submarine basalt (Figure 2.2; Fordham, 1990; Vos et al., 2006) and is bounded 
to the northeast by the Kitoba Member of the Hodgkinson Formation (Figures 2.1, 2.2). The 
Kitoba Member, in contrast, is composed of marine sedimentary rocks including greywacke, 
conglomerate, chert, mudstone, and rare limestone (Domagala, 1991). 
Rocks of the Chillagoe Formation have been overturned to between 50 degrees to 
near vertical and young consistently westward (Figure 2.2; Fawckner, 1981; Bultitude et al., 
1993). Folding with a wavelength of greater than a few meters has not been demonstrated. 
The overturned strata are interpreted to consist of a set of overlapping thrust sheets 
(Fawckner, 1981; Bernecker, 1993; Bultitude et al., 2002). Northeast- and northwest-trending 
fault sets are predominant. The northwest striking fault sets are subparallel to stratigraphic 
contacts while the northeast striking faults are perpendicular. The dips of both sets of faults 
are interpreted to be steep but their directions are unknown. The Redcap Thrust Fault, located 
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approximately 7 km northeast of Red Dome, dips to the southwest at approximately 40 
degrees and is characterized based on drilling. 
Late Carboniferous to early Permian intrusive and volcanic rocks of the Kennedy 
Igneous Association cut and overlie rocks of the Chillagoe Formation, respectively. Large 
granodiorite to granite plutons are well exposed in the district and are located to the east, 
north and northwest of Red Dome (Figure 2.2). The Au-Cu deposits are related to small 
porphyry intrusions that are variably present at surface (e.g., Red Dome and Mungana 
deposits). These porphyry bodies appear to have intruded along pre-existing faults and 
sedimentary rock contacts. Distal Zn-Pb-Ag + Cu replacement bodies (e.g. Mungana and 
Redcap) are present in the district and mostly occur along the near vertical contacts between 
the Chillagoe Formation limestone and other sedimentary units.  
2.3 Intrusive Rocks 
 Intrusive rocks at Red Dome have previously been described by Torrey et al. 
(1986), Perkins and Kennedy (1998) and Lehrmann (2012). This study expands on these rock 
type descriptions to better interpret the association between the intrusive rock units, alteration 
and mineralization at Red Dome. 
Three different intrusive rock types are present below the Red Dome breccia and 
intrude a steeply dipping layer of Chillagoe Formation limestone (Figures 2.3 and 2.4). The 
322 + 2 Ma (Lehrmann, 2012) Red Dome rhyolite porphyry stock is most voluminous and 
was exposed at the surface prior to mining. This porphyry body is vertical and thickens at 
depth (Figures 2.3B-B’ and C-C’). The second intrusive rock type comprises rare and thin (up 
to 40 cm thick) medium grained “crowded porphyry dikes” (322 + 3 Ma, zircon U-Pb: 
Perkins and Kennedy, 1998), which cut the main porphyry stock. The crowded porphyry 
dikes represent very little of the stock volume (<0.1%), are not related to stockwork veining 
or mineralization and were not further investigated. The rhyolite porphyry stock and the 
crowded porphyry dikes are cut by the same pyroxene endoskarn veins and quartz stockwork 
veins (Figure 2.4C). The third intrusive rock type is aphanitic rhyolite dikes that cut the 
earlier Red Dome rhyolite porphyry stock, intrude marble on the northeast side of the stock 
(Figure 2.3B and 2.3C), and are exposed within the Griffith’s Hill pit 300 meters east of the 
Red Dome pit (Figure 2.2). The aphanitic rhyolite dikes are cut by stockwork quartz veins. 





Figure 2.3 Cross sections of the Red Dome deposit. Section locations are shown in Figure 2.2. Black lines are drillhole traces or rock unit 
boundaries. Yellow lines indicate areas of gold assays in excess of 0.5 ppm. Dark blue lines indicate assays in excess of 0.5% Cu. Re-Os age 




Figure 2.4 Cross cutting relationships shown in hand samples from the Red Dome intrusions. 
A: Rhyolite porphyry from the Red Dome rhyolite porphyry stock. Quartz and feldspar 
phenocrysts are visible in hand sample. B: Aphanitc rhyolite dike. Phenocrysts are not 
discernable in hand sample. C: Crowded porphyry dike cutting rhyolite porphyry stock. Both 
intrusions are cut by pyroxene and quartz veins. D: Aphanitic rhyolite dike cutting rhyolite 
porphyry. Qz = quartz. 
 
rock types. Cross-cutting relationships in drill core did not demonstrate sufficient textural 
evidence of vein timing to link the two vein sets. 
The rhyolite porphyry stock and the aphanitic rhyolite dikes have normative 
mineralogy compositions of granite (Figure 2.5) and are distinguishable from each other in 
hand sample. The rhyolite porphyry has 5-10% phenocrysts (quartz and feldspar up to 6 mm 
diameter; Figure 2.4A), rare UST, miarolitic cavities, and an aphanitic groundmass. In hand 
sample, the younger rhyolite dikes are entirely aphanitic (Figure 2.4B). In thin section, 
however, phenocrysts of the aphanitic dike samples (10% quartz and feldspar up to 1 mm in 
diameter) are discernable from the groundmass. The groundmass of both igneous phases is 
quartz-rich with subordinate plagioclase and potassium feldspar. Chilled margins on the 
edges of the aphanitic rhyolite, where in contact with the rhyolite porphyry stock, indicate 




Figure 2.5 CIPW normative mineralogy compositions of the Red Dome rhyolite porphyry and 
aphanitic rhyolite dikes. Data can be found in Appendix 1.1. Classification diagram is from 
Streckeisen and LeMaitre (1979). 
 
Quartz phenocrysts in both the rhyolite porphyry and the aphanitic rhyolite dikes 
exhibit vermicular textures (Figure 2.6A). These phenocrysts are rounded with smooth edges 
and have wormy embayments that are infilled with fine-grained groundmass that is 
mineralogically identical to the rest of the groundmass. The embayments vary in length and 
have smooth edges. Quartz phenocrysts in the stock and dikes at Red Dome were investigated 
with CL but did not demonstrate primary growth zoning. Vermicular quartz phenocrysts in 
porphyry-skarn systems have previously been described in detail by Chang and Meinert 
(2004) and are interpreted to be related to elevated fluorine content in the magma causing the 
dissolution of quartz phenocrysts to form the embayments.   
2.4 Skarn, Alteration and Mineralization Paragenesis 
2.4.1 Intrusive Alteration and Endoskarn 
Extensive endoskarn at Red Dome is restricted to the rhyolite porphyry stock. In 
general, clinopyroxene endoskarn without garnet or epidote is the earliest intrusive alteration 
and is cut by quartz stockwork (Figure 2.7). Quartz stockwork is itself cut by garnet-
pyroxene-epidote endoskarn veins. Sulfide mineralization in the stock is latest and cuts all 
previous alteration and veining. The abundance of the alteration minerals throughout the 




Figure 2.6 Embayed quartz phenocryst from the Red Dome rhyolite porphyry intrusion. 
Embayments formed when magma dissolved the quartz phenocrysts and crystallized. This is 
indicative of elevated fluorine concentrations in the magma (Chang and Meinert, 2004) 
 
veins are restricted to the shallowest parts of the stock. The early clinopyroxene endoskarn 
and quartz stockwork extend to the deepest parts of the intrusion. Hedenbergite-rich 
clinopyroxene (Hd85-98) endoskarn replaces interior areas and margins of the stock (Figures 
2.3 and 2.9). A few anomalous grains of diopsidic clinopyroxene (Hd9-37) are also present 
within this endoskarn alteration. Garnet or epidote has not been identified within this early 
endoskarn. The early pyroxene endoskarn varies from disseminated replacements to 
stockwork veining to complete replacement of the intrusion. Barren quartz stockwork veins 
almost always cut the clinopyroxene endoskarn with rare exception (Figure 2.7). Pyroxene 
crystals included within the quartz stockwork are variably altered to chlorite and quartz 
(Figure 2.10).  
In shallow portions of the Red Dome stock, quartz veining lacking an alteration halo 
precedes other quartz vein types. These veins are cut by garnet + quartz >> albite + potassium 
feldspar veins with albite halos. Prehnite-quartz-calcite veins are latest and cut all earlier vein 
sets in the endoskarn (Figure 2.11). The feldspar within the garnet halos are not visible in 
hand sample. There is no evidence of significant potassium feldspar or biotite alteration. 
Although sericite alteration is not shown in Figure 2.11, it is a common alteration mineral of 
feldspar minerals throughout the rhyolite porphyry stock, the aphanitic rhyolite dikes and is 




 Figure 2.7 Simplified graphical section of cores from Drillhole 984 demonstrating typical zoning and rock types from the Red Dome stock 
with pyroxene endoskarn outwards to exoskarn and marble contact. Location of drillhole is shown in Figure 2.3. Grey veins are quartz and cream 
colored are wollastonite. Endoskarn veins within the pluton are dominated by clinopyroxene with rare garnet veins with clinopyroxene margins. 
Exoskarn is dominated by multiple phases of garnet with rare clinopyroxene margins. Garnet is dark brown at the intrusion contact and gradually 




Figure 2.8 Paragenesis of alteration and mineralization of the Red Dome deposit. Alteration 
minerals are denoted with i (intrusion alteration mineral), s (skarn alteration mineral) or i+s 
(intrusion + skarn alteration mineral). Mineral paragenesis that is not well contrained is denoted 







Figure 2.9 Compositions of garnet and pyroxene from the Red Dome deposit. Data presented 







Figure 2.10 A: Plane polarized photomicrophotograph of stockwork quartz vein in rhyolite 
porphyry containing altered pyroxene inclusion. B: Cross polarized photomicrograph of A. C: 
Plane polarized photomicrograph of stockwork quartz vein from an aphanitic rhyolite dike. 
Opaque grains are chalcopyrite. D: Cross polarized photomicrograph of C. White mica occurs 
in vein and groundmass. Triple junctions are common in all vein types commonly form during 







Figure 2.11 Automated mineralogy maps obtained by scanning electron microscopy (TIMA) 
of shallow stockwork veins within the rhyolite porphyry stock. The earliest veins are quartz 
and followed by quartz + garnet >> K feldspar-plagioclase-clinopyroxene veins with a halo 
Na-rich feldpsar. Albite halo feldspars are An03-04 in composition while magmatic plagioclase 
is An20-30. The calcsilicate and feldspar veins are cut by quartz-prehnite-calcite veins. 
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The garnet-pyroxene-epidote veins and chalcopyrite + bornite + tetrahedrite veins 
have sericite and/or calcite halos and cut upper parts of the intrusion (Figure 2.12). The 
abundance of veins increases with proximity to the top of the intrusion, with the shallowest 
parts exhibiting near complete conversion to calc-silicate minerals. Disseminated 
chalcopyrite + bornite are rare within the latest garnet + feldspar veins. Massive sulfide veins 
that contain bornite, chalcopyrite, + tetrahedrite + chalcocite always cut calc-silicate 
endoskarn veins (Figure 2.12). Disseminated sericite-calcite alteration within the groundmass 
is ubiquitous throughout the intrusions in the Red Dome deposit. 
 The aphanitic rhyolite dikes exhibit weak to moderate sericite alteration and 
contain no endoskarn. Few calcite veins and more common quartz ± calcite ± chalcopyrite 
veins are present. The cores of feldspar phenocrysts commonly show sericite alteration, 
ranging from disseminated to pervasive. No potassic alteration, such as secondary K-feldspar 
or biotite, was identified. The quartz + calcite + chalcopyrite veins are associated with 
sericite halos. 
Quartz crystals within quartz stockwork veins in both the rhyolite porphyry stock and 
late rhyolite dikes are inequigranular-lobate, have common 120° triple junctions, all of which 
are indicative of recrystallized quartz (Figure 2.10; Passchier and Trouw, 2005). Primary 
fluid inclusions that were trapped during quartz vein formation appear to be destroyed by the 
many fluid rich secondary veinlets. 
2.4.2 Prograde Exoskarn 
 Exoskarn above and to the sides of the rhyolite porphyry stock hosts most of 
the economic mineralization at Red Dome. Replacement of marble surrounding the porphyry 
stock and the rhyolite dikes, and along the contact between marble and other units of the 
Chillagoe Formation produced an exoskarn that is massive to brecciated. Brecciated skarns 
occur above and lateral to the stock in the near surface (Figures 2.2 and 2.3) and at depth to 
the southwest of the stock (Figures 2.3 and 2.13 G-H). Prograde exoskarn is typically 
composed of andradite-rich garnet (Ad61-100), magnetite, and volumetrically minor diopsidic 
clinopyroxene (Hd03-19) inclusions within garnet (Figure 2.9). Rarely pyroxene-rich exoskarn 
is present. Massive magnetite-bornite-garnet-molybdenite skarn occurs southwest of the 
porphyry stock, along the vertical contact between sandstone and marble (Figure 2.3). 
Garnet-rich skarn immediately adjacent to the porphyry stock is red-brown (Figure 2.7). The 




Figure 2.12 Examples of endoskarn alteration of Red Dome rhyolite porphyry stock. A: 
Pyroxene dominant endoskarn cut by garnet veins and later bornite veins. B: Early garnet-
wollastonite endoskarn veins cut by later tetrahedrite-bornite-chalcopyrite-calcite vein. Quartz 
vein is cut by later endoskarn veins. C: Early quartz vein cut by later garnet-pyroxene-
wollastonite endoskarn veins. Bornite vein is latest. D: Porphyry cut by abundant sets of garnet-
pyroxene + epidote veins. Bn = bornite, qz = quartz. 
 
outwards from the stock (Figure 2.7). Garnet:pyroxene ratio is >9:1 and has no spatial 
variance in exoskarn. Along the margins of the porphyry stock, magnetite abundance also 
increases laterally away from the stock (Figure 2.13 G and H). These skarns rarely contain 
rounded clasts of the porphyry stock (Figure 2.13 C). At the marble-exoskarn contact 
wollastonite is present in a very thin (1-2cm) layer. Ewers and Sun (1988) claimed that 
massive wollastonite skarn postdates much of the garnet skarn in Red Dome. During 




Figure 2.13 Representative breccias from the Red Dome deposit. A: Crackle breccia of rhyolite 
porphyry that contains pyroxene rich cement. Wollastonite veins cut pyroxene cement. B: 
Massive garnet skarn replaced by chlorite (chl)-chalcopyrite (cp)-bornite (bn) surrounding 
rounded clasts of the rhyolite porphyry stock. C: Rounded clasts of rhyolite porphyry deep and 
on the edge of the Red Dome stock. Quartz and pyroxene veins preceded brecciation. D: Clasts 
of the rhyolite porphyry with chlorite rich cement. E: Polymictic chlorite dominant breccia 
with multiple generations of brecciation. F: Massive chalcocite breccia with chlorite, calcite, 
malachite and azurite cement. Clasts are composed of massive chalcocite and calcite. G: 
Garnet-magnetite breccia. White cement is calcite. H: Photomicrograph from Figure 2.13G 
with breccia clast outlined in red dashed line. This clast was previously brecciated 
demonstrating multiple episodes of brecciation. Cu = copper, chl = chlorite, cp = chalcopyrite, 




identified. Aside from the thin wollasonite skarn at the garnet skarn-marble contact, only 
minor wollastonite overprint of brecciated rhyolite porphyry was identified (Figure 2.13A). 
Above the porphyry stock, polymict breccias with clasts of the porphyry stock and 
sedimentary rocks occur within a matrix of massive garnet skarn. Clasts of the porphyry are 
subangular to rounded and are unaltered to iron oxide stained (Figure 2.13 B and D). Most of 
the breccia body lacks remnant garnet skarn due to extensive retrograde alteration. Although 
prograde garnet skarn samples can contain appreciable ore grades, mineralization is not 
coeval with garnet (Figure 2.14). Rather, mineralization is paragenetically related to chlorite-
calcite-quartz retrograde alteration that replaces earlier prograde garnet skarn.  
 
 
Figure 2.14 Cross polarized (left) and reflected light (right) photomicrographs of representative 
high grade copper mineralization which is typicallly accompanied by  calcite, chlorite and 
quartz replacing earlier garnet as exampled by this image. This sample is from breccia in Figure 
2.13B. 
 
2.4.3 Retrograde Chlorite Alteration and Weathering 
Retrograde chlorite alteration at Red Dome is volumetrically significant, is mostly 
restricted to a polymict breccia body above the rhyolite porphyry stock, and contains the 
majority of copper-gold-silver mineralization (Figure 2.3 A-C). Appreciable chlorite 
alteration does not extend below the breccia. Prograde skarns below the breccia and along the 
edges of the rhyolite porphyry remain fresh. The transition from fresh skarn and porphyry to 
massive chlorite is gradational over a few meters and is at the base of the breccia body.  
Limited recognizable clasts within the breccia include rhyolite porphyry, marble, massive 
chlorite, massive sulfides, chert, sandstone, and basalt (Figure 2.13 B-E). The matrix is 
composed of chlorite, calcite, and minor hematite. Fluorite is locally present with sulfide 
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minerals, calcite, and quartz. Replacement by chlorite varies from intergranular replacements 
(Figures 2.13B and 2.14), to replacement of matrix to chlorite (Figure 2.13D), and to 
complete conversion of reactive rock types (Figure 2.13E). Hypogene sulfide species are 
coeval with chlorite-quartz-calcite alteration (Figure 2.14) and predate later supergene 
species. 
Significant weathering is restricted to the chlorite breccia and obscures the 
relationship between chlorite and the hypogene sulfide species. Chalcocite, malachite, 
azurite, native copper, and hematite replacements within clasts and matrix are common 
(Figures 2.13 E and F) and replace most all hypogene mineralization within the chlorite 
breccia. In most of the breccia body, all evidence of the protolith of the clasts is obscured by 
chloritization and weathering. 
2.4.4 Mineralization  
Mineralization at Red Dome is restricted to 500 meters below surface, with most of 
the ore contained within breccia above the rhyolite porphyry stock (Figure 2.3). The mineral 
assemblage at Red Dome is molybdenite, bornite, chalcopyrite, chalcocite, tetrahedrite, 
native gold, sylvanite (AgAuTe4), petzite (AgAu3Te2), altaite (PbTe), hessite (Ag2Te), 
sphalerite, and galena. Three groups of hypogene mineralization have been recognized: Mo-
Cu, Cu-Au-Ag and Cu-Pb-Zn-Ag. 
Molybdenite is sparse and is restricted to quartz stockwork within the upper part of 
the rhyolite porphyry stock and within magnetite rich copper skarn on the southeast contact 
of the marble (Figure 2.3 Section D-D’). Molybdenite grains are 01.-0.4mm in size.  
Bornite and chalcocite are the most common primary copper minerals in the Cu-Au-
Ag ores and are commonly associated with chalcopyrite and lesser tetrahedrite. These 
minerals are hosted mostly by chlorite altered exoskarn and to a lesser degree replace garnet 
exoskarn and replace portions of early endoskarn veins (Figures 2.12A-C and 2.13). Bornite 
and chalcopyrite replace garnet, magnetite and wollastonite at the marble-exoskarn boundary. 
The majority of high-grade copper mineralization is coeval with chlorite, quartz, and calcite 
and replaces earlier garnet dominant exoskarn (Figure 2.14). Altaite and hessite are present as 
inclusions within bornite. Gold speciation was not investigated in this study. Ewers and Sun 
(1989) reported isolated native gold grains within bornite, chalcocite, chalcopyrite, 
arsenopyrite, and adjacent to silicates, as well as electrum within retrograde skarn. Sylvanite 
and petzite are less common and have been recognized as inclusions within the sulfide 
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minerals. The highest copper and gold grades are within the chlorite breccia body 
immediately above the rhyolite porphyry stock (Figure 2.3). Gold and copper grades largely 
overlap, however gold grades in excess of 0.5 g/t extend downward into the quartz stockwork 
part of the porphyry and the surrounding garnet exoskarn. Along thin skarn zones at the 
contacts between sandstone and marble, copper grades exceeding 0.5% extend 300 m below 
gold grades exceeding 0.5 g/t. 
The latest stage of mineralization consists of sphalerite, pyrite, pyrrhotite, 
arsenopyrite, galena, stibnite, and traces of scheelite and cassiterite. These minerals are 
present as late sulfide veins. The veins are gold poor (<0.5 ppm).  
2.5 C-O Isotopes of Calcite 
To investigate if magmatic fluids migrated laterally outwards into the Chillagoe 
marble or were confined to the porphyry intrusion, we sampled calcite within skarn, at the 
skarn-marble contact and out into marble to evaluate where magmatic fluids traveled.  
Carbon and oxygen isotopes of calcite in drill hole 984 (Figure 2.3) were measured 
from skarn between grains of magnetite and garnet. In adjacent massive white marble, calcite 
was collected where no veining was identified. Finally, calcite from unaltered limestone from 
the Chillagoe Formation was also sampled.  
Carbon and oxygen isotopes of calcite from skarn are isotopically light (10.4 to 12.8 
δ18O ‰VSMOW, -3.6 to -8.5 δ13C‰VPDB), while unaltered grey limestone from the 
Chillagoe limestone is isotopically heavy (19.0 to 24.2 δ18O ‰VSMOW, -0.9 to 2.1 
δ13C‰VPDB). The isotopic composition of the white marble varies between the two 
endmember populations of the skarn and limestone. Oxygen isotope values for the white 
marble approach those of the limestone approximately 10 m laterally from skarn. The carbon 
isotope analyses of all white marble samples from 10 m downhole to 90 m downhole from 
the skarn-marble contact are consistent with those of the unaltered limestone (Figure 2.15).  
2.6 Geochronology 
2.6.1 U-Pb Geochronology  
Zircon from the aphanitic rhyolite dike were dated by U-Pb methods to evaluate the 
quality of the previous 311 + 2 Ma age estimate for this unit from Lehrmann (2012). 
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Figure 2.15 Oxygen and carbon isotopes of calcite from exoskarn and white marble from 
Drillhole 984 of the Red Dome deposit (Figure 2.3). Grey limestone data in C are from 
Chillagoe Formation at the King Vol deposit 25 km northwest of Red Dome. Data are presented 
in Appendix 1.5. 
 
Figure 2.3 shows the location of the sample. An additional sample of texturally similar dikes 
exposed in the Griffiths Hill pit (Figure 2.2 insert) was dated by the same method to evaluate 
its age in relation to the aphanitic rhyolite dikes shown in Figure 2.3. 
In each age determination, the youngest zircon age group that contained at least three 
concordant zircon was used. For both samples, discordant zircon analyses demonstrate linear 
trends, and we interpret them to have incorporated common lead. Thus, for both samples the 
U-Pb discordia method was used to calculate an intercept age while keeping the MSWD 
below 1.8. The discordia Y axis intersection was fixed at the common lead ratio that was 
calculated with the Stacey-Kramers single-stage lead isotope growth model (Stacey and 
Kramers, 1975). Reported age errors at the 95% confidence interval are raised to at least 1% 
as comparison between various laboratories demonstrate errors less than 1% are not 
reproducible (Klötzli et al., 2009).  
30 
 
Twenty zircon from sample DH982 777m (Figure 2.3) were analyzed. Seven of the 
zircon produced concordant 238U/206Pb and 207Pb/206Pb ratios (Figure 2.16). Fifteen of the 20 
zircon produced a discordia intercept age of 326.8 + 3.3 Ma with an MSWD of 1.2. 
Fifty-one zircon from sample CG17-198 were analyzed. Twenty-eight of the zircon 
produced concordant 238U/206Pb and 207Pb/206Pb ratios (Figure 2.16). All 51 zircon produced a 




Figure 2.16 Terra-Wasserbug Diagrams for LA-ICPMS analyses of zircon from aphanitic 
rhyolite dikes that cut Red Dome (left) and exposed in the Griffith’s Hill pit. Only zircon which 
cross the discordia line (blue dashed line) were used in the age calculation. Red elipses are 
zircon which were used in the age determination while Black elipses are zircon which were 
not. Data can be found in Appendix 1.6. 
 
2.6.2 Re-Os Molybdenite Geochronology 
Previous Re-Os dating of molybdenite bearing skarn at Red Dome dated 
clinopyroxene skarn not spatially related to the Red Dome deposit (Figure 2.3; Lehrmann, 
2012). This study dated molybdenite in garnet-magnetite-bornite-molybdenite skarn on the 
southwestern flank of Red Dome which connects to garnet skarn that was mined. 
Two samples of molybdenite from the same tabular copper skarn along a marble-
sandstone contact yielded 320.3 + 1.5 Ma, 321.7 + 1.6 Ma and at 355 + 14 Ma. The first two 
dates are repeat analyses of separate grain fractions from the same sample. The weighted 
average age of the repeat analyses is 321.1 + 1.1 Ma with an MSWD of 1.6. The locations 




Molybdenite from the sample which produced the 355 + 14 Ma age contained a very 
small concentration 187Re (Appendix 1.4), which resulted in higher analytical uncertainty. 
The other two dates are for analyses that have significantly higher 187Re concentrations and 
much smaller errors.  
2.7 Fluid Inclusion Petrography and Thermometry 
Ewers and Sun (1989) report fluid inclusion data for various phases of silicates and 
fluorite at Red Dome, including homogenization temperatures for garnet below 300°C. This 
study reinvestigated all skarn types for fluid inclusion assemblages (FIA) to confirm the 
relatively low temperature homogenization temperatures previously reported. See Analytical 
Methods for further description on previous fluid inclusion work. All fluid inclusion sections 
were investigated to find evidence for phase separation, which had not been previously 
reported. 
Fluid inclusions in stockwork quartz veins, UST layers, phenocrysts, garnet exoskarn, 
garnet veins and pyroxene veins were investigated. Due to an abundance of secondary veins 
containing fluid rich inclusions, no FIAs in stockwork quartz veins, UST layers, garnet veins 
or pyroxene veins were identified. Garnet exoskarn sampled from near the marble contact 
contains primary fluid inclusion assemblages that are present within garnet cores (Figure 2.17 
A-B) and within alternating fluid inclusion-rich growth zones (Figure 2.17 C). These fluid 
inclusions have consistent homogenization temperatures, and salinities, and thus represent 
fluid inclusion assemblages as described by Goldstein and Reynolds (1994). The results from 
the garnet-hosted inclusions are presented in Table 2.1. The inclusion assemblages have Th 
L-V temperatures of 268-275°C and 340-345°C with salinities ranging from 15 to 21 wt. % 
NaCl equivalent. These Th L-V and salinities agree with Ewers and Sun (1988) who 
concluded the saline fluids within the garnets were likely a product of phase separation.  
Cutting a quartz phenocryst of the rhyolite porphyry stock, a fluid inclusion plane 
containing both vapor-rich and hypersaline inclusions was identified (Figure 2.18), which is 
either indicative of phase separation or necking. In this plane the hypersaline inclusions 
universally homogenize by halite melting between 380-435°C (Figure 2.19). Liquid vapor 
homogenization for these inclusions occurs between 215-335°C. This fluid inclusion trail 
does not represent an FIA based on the lack of consistency in liquid-vapor homogenization 





Figure 2.17 Petrography of fluid inclusion assemblages at Red Dome. Garnet-hosted FIAs 
occur in cores (A, B) with barren rims, or in fluid inclusion rich growth zones alternating with 
inclusion-poor zones (C). Consistent homogenization temperatures and salinities of the FIAs 
can be found in Table 1. 
 
 
Figure 2.18 Coexisting vapor rich and hypersaline fluid inclusions cutting across a quartz 
phenocryst in the rhyolite porphyry. This FIA is the same shown in Figure 2.19. 
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Table 2.1 Fluid inclusion micro thermometry results from garnet hosted inclusions at Red 
Dome. Th L-V°C is temperature of liquid-vapor homogenization. 
 
Inclusion Type Th L-
V°C 
NaCl wt% 
(equiv.) # of FIs 
Garnet Core 270 15 6 
Garnet Growth Zone 272 21 5 
Garnet Growth Zone 272 20 10 




Figure 2.19 Petrography and micro thermometry results of the coexisting vapor and hypersaline 
fluid inclusions from Figure 2.18. The fluid inclusion plane crosses fluid rich secondary 
inclusion planes that lack vapor. The hypersaline inclusions homogenize by halite melting. Thm 
is halite melting temperature. Tl-v is liquid-vapor homogenization temperature. 
 
2.8 Discussion 
2.8.1 Structure of the Chillagoe Formation 
 Faulting within the Chillagoe Formation likely controls the location of the 
porphyry intrusions within the district (Torrey et al., 1986). New mapping from this study has 
demonstrated that the northwest and northeast striking faults sets previously identified at Red 
Dome also exist throughout the district. At Red Dome, the rhyolite porphyry stock cuts the 
northeast trending fault. Ewers and Sun (1989) and Nethery and Barr (1998) hypothesized a 
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cross-cutting NE-trending fault at Red Dome; however definitive evidence of its presence has 
yet to be found. Furthermore, any fault contacts within the limestone adjacent to Red Dome 
appear to have been recrystallized during marble formation. The NW-striking elongation of 
the skarn footprint (Figure 2.3) is likely a product of the strike of the limestone stratigraphy, 
and possibly a preexisting NW-trending fault parallel to the stratigraphic contacts. The 
presence of cross cutting and steeply dipping NE- and NW-trending faults would have 
provided a favorable structural conduit for the emplacement of the stock. 
2.8.2 Age of the Red Dome Skarn Deposit 
 All three Re-Os molybdenite ages from the tabular skarn body adjacent to Red 
Dome should be expected to have overlapping ages. Because the older date has such a large 
error and little Re for analysis, it is interpreted here to not be a meaningful age. Rather, the 
weighted average age of 321.1 + 1.1 Ma age is the preferred age for metal deposition. 
The presence of abundant endoskarn, massive bornite-chalcopyrite bearing veins 
hosted by the rhyolite porphyry stock, and the lack of similar veining in the aphanitic rhyolite 
dikes in the vicinity of the deposit demonstrate that the rhyolite porphyry is the causative 
intrusion. Thus, the overlapping age of molybdenite (321.1 + 1.1) in copper rich garnet skarn 
that connects to the Red Dome deposit and the rhyolite porphyry stock (324 + 2 Ma; 
Lehrmann, 2012) is strong evidence that the age of the Red Dome deposit and its host breccia 
is ca 322 Ma.  
Based on new U-Pb age data from this study and from Perkins and Kennedy (1998), 
the age of the late aphanitic rhyolite dikes and the crowded porphyry dikes overlap with the 
rhyolite porphyry stock. Although Lehrmann (2012) dated the late aphanitic rhyolite dike at 
311 + 2 Ma, our ages of 326.8 ± 3.3 Ma for the aphanitic rhyolite dike below the deposit and 
the 322.0 ± 3.2 Ma aphanitic rhyolites dikes in the Griffith’s hill pit suggest that the young 
age is incorrect. Based on cross cutting relationships and new geochronological data, these 
dikes intruded the rhyolite stock and surrounding rocks after the formation of the Red Dome 
deposit, contributed little to the metal budget at Red Dome, and may have formed in the 
waning stages of magmatism.  
2.8.3 Fluorine Activity, and Endoskarn Formation  
 The early pyroxene endoskarn and subsequent garnet-pyroxene-wollastonite 
endoskarns formed within the rhyolite porphyry stock are clearly products of its magmatic 
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fluid. The formation of these endoskarns is likely related to the elevated fluorine activity of 
the magma. The presence of fluorite and vermicular quartz phenocrysts has previously been 
documented to be related to a high fluorine activity of the magma and the formation of 
endoskarn is attributed to the presence of HF- and Cl- in the magmatic fluid (Chang and 
Meinert, 2008). Lehrmann (2012) identified hydrothermal zircon in quartz stockwork veins, 
further evidence of the presence of elevated HF-.   
2.8.4 Calcsilicate Mineral Variations 
 Compositions for studied garnet and pyroxene grains are shown in Figure 2.9. 
Garnets in endoskarn and exoskarn share similar compositions, although those in the 
exoskarn have a larger variation in their iron and aluminum concentrations. Exoskarn 
typically hosts more andraditic garnet(Meinert, 2005); the composition of these is 
hypothesized to be due to the immobility of aluminum. Aluminum concentrations of garnet 
from exoskarn at Red Dome overlaps in compositions with those from endoskarn and contain 
appreciable grossular component (Figure 2.9). The presence of grossular garnet in exoskarn 
hosted which replaced pure calcite marble suggests aluminum at Red Dome was mobile in 
the hydrothermal fluid. Aluminum mobility in hydrothermal fluids is increased with the 
presence of HF- (Tagirov and Schott, 2001). Garnet compositions at Red Dome are likely 
similar between endoskarn and exoskarn due to the mobility of aluminum in presence of HF- 
in the skarn-forming fluid, as evidenced by the presence of vermicular quartz phenocrysts. 
 Clinopyroxene grains within stockwork endoskarn veins are typically 
hedenbergite-rich, with a few exceptions, and are similar to those found at the Empire Cu-Zn 
skarn deposit, Idaho, USA (Chang and Meinert, 2008). Clinopyroxene inclusions within the 
dark red garnet exoskarn surrounding the rhyolite porphyry stock are invariably diopside-
rich. Diopside-rich pyroxene is typical of proximal garnet dominant exoskarn (Meinert, 
1997). Clinopyroxene hosted within the massive magnetite > garnet + pyroxene skarn at 
depth on the southwestern flank of the rhyolite porphyry stock is significantly more iron-rich 
than those in the exoskarn surrounding the stock. 
2.8.5 Evidence for Phase Separation 
The coexisting vapor rich and hypersaline fluid rich inclusions in Figures 2.18 and 
2.19 could form by phase separation where the inclusions were trapped in disequilibrium or 
by necking. If necking were the cause, consistent homogenization of the liquid rich inclusions 
by halite melting after liquid-vapor homogenization would not be expected as entrapment of 
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liquid and vapor would be variable. This variability in liquid-vapor trapping would produce 
some inclusions that homogenized by halite melting before liquid-vapor and vice versa. 
Therefore, it is more likely that these fluid inclusions represent a plane where phase 
separation occurred, but that the fluid was not in equilibrium with the coexisting vapor, 
causing the liquid-vapor homogenization temperatures to be lower than the halite melting 
temperatures. 
2.8.6 Genesis of the Red Dome Breccia 
Red Dome is a gold-copper-silver skarn-porphyry deposit. Most of the gold and 
copper tonnage is concentrated within a pervasively chlorite-altered breccia developed at the 
top of the rhyolite porphyry intrusion, so understanding its genesis is vital. Alteration 
paragenesis has previously been described as a complex four stage process where garnet 
skarns form before and after retrograde chlorite alteration (Ewers and Sun, 1988). Garnet 
skarn formation after retrograde chlorite alteration is atypical for skarn paragenesis (e.g. 
Einaudi et al., 1981). Based on new geologic cross sections and petrography, this study 
illustrates a simpler paragenetic model where early prograde garnet-pyroxene skarns are 
followed by retrograde chlorite-quartz-calcite alteration and mineralization (Figure 2.8).  
The UST and miarolitic cavities represent products from pooling of the initial 
magmatic fluid in the crystallizing body before hydrofracturing occurs such as at the Bajo de 
la Alumbrera (Argentina) and Qulong (Tibet, China) porphyry systems (e.g., Harris et al., 
2004; Yang et al., 2009). During UST formation thin garnet skarns would have formed on the 
edges of the rhyolite porphyry intrusion during interaction of magmatic fluid with the 
surrounding marble. Once the lithostatic pressure was exceeded by the fluid pressure of the 
exsolving magma, a fracture network developed at the top of the porphyry system. Once the 
fracture system propagated, pressure of the magmatic-hydrothermal system dropped from 
lithostatic to between hydrostatic (pressure equal to a water column to the surface) and 
lithostatic pressure. This pressure decrease likely caused phase separation of the magmatic 
fluid, quenching of the magma, and reduced the solubility of fluid in the magma causing 
continued fluid exsolution (Burnham, 1997). These processes would have formed the 
stockwork quartz veining within the rhyolite porphyry stock and likely had sufficient force to 
create a hydrothermal breccia above the stock.  
We interpret these early and high temperature fluids to have formed prograde 
exoskarn within the breccia above the rhyolite porphyry stock but are not responsible for Cu-
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Au-Ag deposition. As evidenced by copper ores being paragenetically related to chlorite-
quartz-calcite alteration, metal deposition occurred after formation of the Red Dome breccia 
and during retrograde chloritization of early garnet skarn. The retrograde chlorite alteration 
was restricted to the shallow portions of the Red Dome system and pervasively replaced 
garnet within the breccia. Chlorite alteration is significantly less pronounced below the 
breccia. The lack of retrograde alteration deeper into the system coincides with low Cu-Au 
concentrations. The deepest garnet skarns along the edge of the stock are barren of 
appreciable Cu-Au grades. 
2.8.7 Stratigraphic Permeability Controls on Breccia Formation 
Carbon and oxygen isotopic compositions of calcite have been previously reported by 
Ewers and Sun (1989). Their data demonstrated that oxygen isotopes of calcite within skarn 
and calcite veins within the rhyolite porphyry stock are isotopically light (<15 δ18O 
‰VSMOW), calcite from limestone was isotopically heavy (>18 δ18O ‰VSMOW) and that 
calcite from marble demonstrate a mixing trend between the isotopically light skarn and 
isotopically heavy limestone. The variation in the marble oxygen isotope composition 
suggests that some marble formed by interaction with isotopically light magmatic fluids 
(within skarn) and some formed via direct recrystallization of limestone by contact 
metamorphism. Since Red Dome is surrounded by a large marble aureole, it is critical to 
understand how much marble formed via contact metamorphism and what proportion was in 
contact with hydrothermal fluids. Ewers and Sun (1989) did not provide the locations of their 
samples.  
The C-O isotopic compositions of marble presented in this study demonstrate that 
magmatic fluids exsolved from the magma did not permeate beyond 20 meters laterally into 
the surrounding host rocks. The majority of white marble formed from direct recrystallization 
of Chillagoe Formation limestone. Consequently, magmatic fluids were focused within the 
intrusion and along the outer contacts where thin garnet exoskarn is present. These fluids 
were forced upwards to the cupola and formed the Red Dome breccia. Forceful upward 
movement is further evidenced by the presence of subrounded to rounded clasts of the 
rhyolite porphyry along its margins and within the chlorite breccia. The purity of carbonate in 
the Chillagoe Formation and the vertical nature of the stratigraphy likely impose permeability 
controls that influence the morphology of skarn formation at Red Dome. Marble surrounding 
Red Dome is essentially pure CaCO3 (Appendix 1.1) and lacks detrital carbonate grains 
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around which fluids could migrate laterally. As a result, formation of the Red Dome deposit 
was dependent on hydrofracturing of the carbonate strata as skarns formed on the edges of 
the stock and along vertical stratigraphic contacts are likely to fail to form thick zones of 
mineralization. 
2.9 Conclusions 
Red Dome is the largest deposit discovered in the Chillagoe Mining District. While 
Red Dome is hosted by a 150 m thick breccia, the majority of skarns of the district are less 
than 10 m in thickness and occur along stratigraphic contacts or fault planes. Therefore, 
understanding the genesis of the Red Dome breccia is vital to exploring for more deposits in 
the region. Previous workers have recognized the importance of the chlorite breccia that 
contains the Red Dome deposit and have concluded that it formed by the collapse of a 
shallow karst cave system (Torrey et al., 1986; Nethery and Barr, 1998). Although carbonate 
dissolution likely played a role, hydraulic fracturing must have been a primary mechanism for 
breccia formation since the breccia is only present at the top of the porphyry stock, increases 
in thickness upwards and away from the intrusion, and similar breccias are entirely lacking 
on deeper edges of the stock. 
Many gold-rich skarns are hosted in a distal setting relative to their causative 
intrusion, are reduced, and replaced pyroxene-rich exoskarn such as at the Hedley deposit, 
British Columbia (Ettlinger et al., 1992) and at the Fortitude deposit, Nevada (Myers, 1994). 
Red Dome is an example of a gold-copper-silver skarn deposit that formed during retrograde 
alteration of proximal garnet exoskarn. The relatively high copper grade of Red Dome in 
comparison to distal gold skarns (e.g. Fortitude, NV; Hedley, BC) suggests that appreciable 
gold can precipitate in proximal copper skarns and that gold rich skarns exist between the 
proximal to distal settings. 
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CHAPTER 3 THE GEOLOGY AND GEOCHRONOLOGY  
OF THE MUNGANA ZN-PB-CU-AG SKARN AND AU PORPHYRY DEPOSITS 
 
Abstract  
The Chillagoe mining district in northeast Queensland contains numerous Au + Cu 
porphyry-skarn and Zn-Pb-Ag + Cu skarn and carbonate replacement deposits. The intrusions 
and deposits are hosted by rocks of the Chillagoe Formation, which is located on the western 
margin of the Paleozoic Hodgkinson Province in the northern Tasman Fold Belt. At 
Mungana, a steeply dipping Zn-Pb-Cu-Ag skarn contains mineralization adjacent to and 
within a 317.8 + 2.3 porphyry Au deposit. Pre-mining indicated and inferred resources 
include 1.96 Mt at 14.4% Zn, 2.8% Cu, 2.2% Pb, and 187 g/t Ag for the base metal skarn and 
an inferred resource of 45.2 Mt at 0.7 g/t Au and 0.11% Cu for the porphyry deposit.  
The base metal skarn resource is composed of garnet-pyroxene skarn that is replaced 
by sphalerite, galena, tetrahedrite, chalcopyrite, bornite, arsenopyrite, pyrite, pyrrhotite, 
molybdenite, and trace native gold. Within the porphyry deposit, unidirectional solidification 
texture quartz formed earliest and is cut by a series of stockwork quartz veins. Gold is hosted 
within the latest stockwork quartz veins and occurs with arsenopyrite, chalcopyrite, pyrite, 
and various Bi-Te phases. Albite alteration halos surround the stockworks, but their timing is 
uncertain. The arsenopyrite-rich mineral assemblage is likely due to decreased sulfidation 
and/or oxidation states of the mineralizing fluid. Sphalerite is present as clasts and as matrix 
fill on the edges of the porphyry gold system. The sphalerite-galena lode is also variably 
deformed downdip of the intrusion, demonstrating that post mineralization deformation has 
caused migration of the sphalerite body into the porphyry gold resource. 
A 306.9 + 2.5 Ma granite intrusion is present below both deposits, is weakly 
sericitically altered, and post-dates all mineralization. A younger 289.1 + 2.2 Ma granite 
porphyry intrusion, located 1.2 km west-southwest of the Mungana mine records the latest 
episode of magmatism in the deposit area.  
A previous study classified Mungana as a telescoping of a high sulfidation epithermal 
system onto a porphyry deposit based on the presence of massive kaolinite in the shallow 
parts of the porphyry deposit. This study demonstrates that no high sulphidation mineral 
assemblages are present within the kaolinite-rich zone or the porphyry deposit. The massive 
44 
 
kaolinite occurs with supergene phases that include goethite, hematite, native copper, 
cerrusite, covellite, chalcocite, greenockite, and anglesite.  
3.1 Introduction 
The Mungana deposit is located within the Chillagoe mining district, which is 
approximately 13 km west-northwest of Chillagoe, Queensland (Figure 3.1). The Chillagoe 
mining district is composed of steeply dipping limestone, sandstone, chert, conglomerate, and 
lesser basalt (Figure 3.2). Deposits of the district include the Red Dome Au-Cu skarn-
porphyry deposit, the Mungana Zn-Pb-Ag-Cu skarn and Au-Cu porphyry deposits, the King 
Vol Zn-Pb-Ag-Cu skarn and carbonate replacement deposit, and the Redcap Zn-Pb-Ag-Cu-
Au skarn prospects. The occurrences of the district have yielded copper, lead, silver, and gold 
ores from skarn, massive sulfide replacement bodies, and porphyry deposits since 1888. Past 
major production in the district included that from the 15 Mt Red Dome deposit, located 3.2 
km southeast of Mungana. Production from the base metal-rich skarn deposit at Mungana 
began in 2006 and initially produced 700 kt at 11.1% Zn, 1.8% Cu, 1.0% Pb, 1.0 g/t Au, and 
80 g/t Ag. Production of the base metal skarn and the porphyry gold resource restarted in 
2017. 
The Mungana deposits are composed of a steeply dipping and tabular skarn at the 
contact between Chillagoe Formation marble and sandstone and an adjacent porphyry body 
that hosts the Au-Cu deposit. Mineralization within the porphyry deposit is in the top of a 40- 
to 80-m-thick rhyolite porphyry intrusion, which is intersected 50 m below surface. The 
adjacent base metal skarn is located approximately 400 m below surface (Figure 3.3). The 
shallowest parts of the rhyolite porphyry, and thus the top part of the associated 
mineralization, have been converted to massive kaolinite. Below and southwest of the Au 
porphyry deposit, two 20- to 80-m-thick barren rhyolite dikes have been intersected by 
drilling (Figure 3.3). These two dikes are between the Zn-Pb-Ag-Cu skarn and the intrusion 
hosting the Au porphyry deposit. 
Sphalerite- and galena-rich skarn and carbonate replacement deposits are typically 
located distal from their causative intrusion and may be related to an economic Cu-Au 
porphyry system (e.g. Megaw et al., 1988). Mungana is uncommon because the base metal 





 Figure 3.1 Distribution of the major Formations within the western portion of the Hodgkinson 
Province. Adapted from Henderson, et al. (2013). 
 
Previous studies have attempted to date the porphyry deposit (Perkins and Kennedy, 
1998; Lehrmann, 2012), have classified the massive kaolinite portion of the porphyry deposit 
as a telescoping of a high sulfidation epithermal system (Nethery and Barr, 1998), and have 
proposed that the base metal skarn predates the gold porphyry by 17 Ma (Lehrmann, 2012). 
This study presents new geologic mapping of the district and new C-O isotope data for 
carbonate rocks to evaluate hydrothermal fluid interaction with the surrounding marble. This 
study also presents a new cross-section to provide context to previously existing 
geochronology, establishes a younger age for the porphyry deposit than was previously 
measured, presents new textural information to show that base metal deposition postdates the 
gold porphyry deposit and demonstrates gold in the porphyry deposit is present as native gold 
grains hosted within arsenopyrite, which is atypical of Au-Cu porphyry systems. 
3.2 Intrusive Rocks 
Skarn and porphyry deposits are formed from hydrothermal fluids exsolved from 




Figure 3.2 Bedrock geologic map of the Chillagoe Mining District. Mungana cross section location shown in lower left insert. Sample CG-17-278 




Figure 3.3 Cross section of the Mungana deposits. Section location can be found on Figure 3.2. 
Dark yellow outline contains gold grades above 0.5 g/t. Black lines with labels intersecting 
geology are drillhole traces. Circled numbers indicate intrusion number referenced in the text. 
 
and gold resources at Mungana to the nearby intrusions is vital to understanding their genesis 
and exploration potential. Three different intrusive rock types are present in the Mungana 
area. Rhyolite porphyry dikes (intrusions 1, 2 and 3; Figure 3.3) and a medium grained 
granite are located below surface and are spatially related to the base metal and gold 
resources (intrusion 4; Figure 3.3). An outcrop of barren porphyritic granite unrelated to the 
Mungana deposits is located on the surface 1.2km west southwest of the Mungana deposits 
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(Figure 3.2; red cross denotes location of outcrop on inset). The rhyolite dikes intruded a 
wedge of marble that pinches out approximately 480 m below the surface, widen with depth, 
and are bounded to the northeast and southwest by sandstone. The shallowest of the three 
rhyolite porphyry bodies (intrusion 1) is approximately 30- to 40-m-wide and extends from 
depth to near surface along the northeast marble-sandstone contact (Figure 3.3). At depth, this 
rhyolite intrusion thickens. The gold resource is hosted within the shallow parts of this 
intrusion, which includes kaolinite-clay alteration at the near surface and in the surrounding 
sandstone. Two other rhyolite dikes (intrusions 2 and 3) are present at depth within marble, 
are 15- to 40-m-wide, and are barren of gold or copper mineralization. A coarse-grained 
granite intrusion (intrusion 4) is located 800 meters below surface, southwest of the rhyolite 
porphyry intrusions and immediately below the base metal skarn. No cross-cutting 
relationships of the four intrusions are present within drill core. 
The rhyolite porphyry and granite intrusions have CIPW normative compositions of 
granite and are ilmenite series granitoids (Figure 3.4). The shallowest porphyry body contains 
5% quartz and feldspar phenocrysts (Figure 3.5A-E). Quartz, potassium feldspar and 
plagioclase feldspar phenocryst abundances are subequal and grains are up to 3 mm in 
diameter, with groundmass grain size typically less than 100 microns. Quartz phenocrysts are 
commonly embayed with rhyolite matrix filling the embayments. The embayments cut the 
original quartz growth zoning (Figure 3.6 A and B). Potassium feldspar and plagioclase 
phenocrysts are weakly to moderately altered to sericite and chlorite (Figures 3.6 C-F). 
Quartz grains within the stockwork quartz have a uniform CL signature and commonly form 
120-degree triple junctions (Figures 3.6 I and J). 
The deep granite body is phaneritic, porphyritic, lacks veining, and contains no 
economic mineralization. Grain size ranges from 1-5 mm (Figure 3.6 G and H). Biotite is the 
most common mafic mineral. Hafnium isotopic compositions of zircon from the northeastern 
most rhyolite porphyry dike and the granite intrusion are negative and suggest a crustal origin 
(Lehrmann, 2012).  
3.3 Intrusive Alteration and Endoskarn 
Gold mineralization, quartz stockwork, endoskarn, and significant hydrothermal 
alteration occur only within the shallowest rhyolite porphyry intrusion. Unidirectional 
Solidification Texture (UST) quartz is earliest, is present within and below the gold 





Figure 3.4 Above: CIPW normative mineralogy compositions of the Mungana rhyolite 
intrusions, the granite intrusion, the granite porphyry at Sericite Hill and rhyolites from Red 
Dome for comparison. Whole rock geochemistry data can be found in Appendix 2.1. Sample 
MG16-015 was not included as it contained quartz stockwork and produced a high modal 
quartz abundance outside the boundary of the classification scheme. Classification diagram is 
from Streckeisen and LeMaitre (1979). Below: Magnetite versus ilmenite series granitoids 
classification of the Mungana rhyolite intrusions, the granite intrusion, the granite porphyry at 
Sericite Hill and rhyolites from Red Dome for comparison. Diagram from Ishihara (1981).  
 
postdate the UST and increase in density with elevation until kaolinite-clay alteration 
dominates 125 m below the surface. Quartz grains within the stockwork demonstrate no 
growth zoning in color CL, commonly form 120° triple junctions, and are inequigranular-
lobate in shape (Figure 3.6 I-J) that is characteristic of recrystallized quartz (Passchier and 




Figure 3.5 Representative veins and textures of the northeastern rhyolite intrusion number one 
(A-F) and the deep granite intrusion number 4 (G). A-D show early UST cut by later quartz 
stockwork veining. E shows arsenopyrite is hosted in latest quartz vein set. F shows shallow 
portions of the northeastern rhyolite porphyry intrusion that has been brecciated and cut by a 
calcite vein. The red dashed box shows the location of Figure 3.9. The matrix of the breccia is 
composed of clinopyroxene, wollastonite, epidote, calcite and minor sulfide minerals. 
 
quartz veins contain arsenopyrite and other sulfide minerals (Figure 3.5C-E). Dark green 
clinopyroxene (Hd81-98; Figure 3.7) veins cut early stockwork veining at depth and are not 
observed in shallow parts of the porphyry. No garnet has been observed within the pyroxene 
endoskarn veins. Garnet, quartz with minor calcite, and potassium feldspar veins cut early 
quartz stockworks in the shallow parts of the porphyry. Albite alteration halos variably 
accompany the quartz stockworks (Figure 3.8). Dark green clinopyroxene (Hd76-94), albite, 
potassium feldspar, wollastonite, epidote, calcite, and minor chalcopyrite, galena, and 
arsenopyrite infill the matrix of brecciated porphyry in the shallow parts of the deposit 
(Figure 3.4F and 3.9). The clasts of the shallow rhyolite porphyry breccias contain UST and 
quartz stockworks that predate brecciation. Clinopyroxene-albite veins are present throughout 






Figure 3.6: A: Cross polarized photomicrograph of quartz phenocryst in northeastern porphyry 
demonstrating vermicular texture. B: CL image of A demonstrating that embayments cut quartz 
growth zoning. C: Plane polarized light photomicrograph of potassium feldspar phenocryst in 
northeastern rhyolite porphyry intrusion altered to clinopyroxene and later chlorite. D: cross 
polarized photomicrograph of potassium feldspar phenocryst in northeastern rhyolite porphyry 
intrusion altered to clinopyroxene and later chlorite. E: Plane polarized light photomicrograph 
of plagioclase phenocryst with sericite and chlorite alteration. F: Cross polarized light 
photomicrograph of potassium feldspar phenocryst in northeastern rhyolite porphyry intrusion 
being altered to clinopyroxene and later chlorite. G: Plane polarized light photomicrograph 
from deep granite intrusion demonstrating sericite alteration of potassium and plagioclase 
feldspar grains. G: Cross polarized light photomicrograph from deep granite intrusion 
demonstrating sericite alteration of potassium and plagioclase feldspar. H: Cross polarized light 
photomicrograph of early quartz vein. Quartz grains commonly have 120-degree triple 
junctions. Calcite and sericite alteration is pervasive. G: Color CL image of previous image. 
Quartz stockwork vein has uniform color CL signature and displays no growth zoning, which 
suggests recrystallization of original quartz. 
 
Figure 3.7 Compositions of garnet and pyroxene from the Mungana deposits. Data are 
presented in Appendices 2.2 and 2.3.  
 
Clinopyroxene is common throughout the groundmass of the shallowest porphyry 
stock. Subsequent chlorite alters the earlier clinopyroxene (Figure 3.6C-F). Sericite-carbonate 
is present as alteration of feldspar (e.g. Figure 3.6 E and F) and as disseminations within the 
groundmass. Calcite, hosting local prehnite veinlets, cuts all earlier veins and alteration 
(Figures 3.5F and 3.9). Based on X-ray diffraction analysis, the shallowest parts of the 
mineralized porphyry have undergone complete conversion to kaolinite, hematite, goethite, 
and quartz above the oxidation boundary (Figure 3.3 and Figure 3.10). 
Within the deep granite intrusion, no veining is present. Both potassium and 
plagioclase feldspars are variably altered to sericite, and biotite is altered to chlorite (Figure 




Figure 3.8 Automated mineralogy map analyzed by scanning electron microscopy (TIMA) of 
stockwork quartz veining within the gold porphyry resource. Multiple quartz generations are 
present within the image with quartz+arsenopyrite being latest. Albite halos are present but not 
attributed to specific vein sets. 
 
3.4 Exoskarn 
Replacement of marble along the margins of the marble wedge and along the contacts 
of the rhyolite porphyry dikes and marble have formed exoskarn (Figure 3.3). Thin (5-50 cm) 
garnet exoskarn surrounds the porphyry intrusions. Wollastonite accompanies garnet on the 
northeastern flank of the mineralized porphyry. 
An 800 m strike length by an 860 m downdip length tabular skarn along the 
southwestern contact of the marble wedge constitutes the base metal resource at Mungana. 
This skarn is composed of clinopyroxene (Hd04-97), garnet (Ad06-100), and wollastonite 
exoskarn and semi-massive to massive sulfide. The calc-silicate minerals are typically present 
at the sandstone contact and gradually transition into massive sulfide towards the skarn-
marble contact. Garnet to pyroxene ratios vary with no consistency along section (Figure 
3.3). The majority of diopside-rich (Di50-95) pyroxene is present in the lower half of the base 






Figure 3.9 Automated mineralogy map analyzed by scanning electron microscopy (TIMA) of 
hydrothermal breccia (MG-17) in shallow portions of the rhyolite porphyry gold deposit. Clasts 
are composed primarily of potassium feldspar, sodium rich plagioclase and quartz. Variable 
epidote and clinopyroxene alteration is present in the groundmass of the clasts. UST and quartz 
stockwork quartz predate brecciation. The matrix is composed primarily of clinopyroxene, 
potassium feldspar, sodium rich plagioclase, epidote, quartz, calcite and sphalerite. A calcite 
and prehnite vein is latest. 
 
Figure 3.10 Core sample of shallow portion of the northeastern gold bearing rhyolite porphyry 
intrusion demonstrating interlayered kaolinite, quartz, hematite and goethite with a remnant 
quartz stockwork vein. 
 
 
Figure 3.11 Grab samples from underground at the contact of the northeastern rhyolite 
porphyry intrusion and adjacent base metal mineralization. A-C show clasts of massive sulfide, 





Figure 3.12 A: Example of clasts of sphalerite mixed with clasts of rhyolite from drillhole 1098 
232.8m to 2371m downhole. B: Example of a massive sphalerite lode adjacent to the rhyolite 
porphyry gold deposit from drillhole MUD029 16.4 to 26.8 m. Black numbers on core are 
meters downhole. Massive sphalerite is present from 21.3m to 21.7 m. Rhyolite porphyry 
intrusion with abundant quartz stockwork veining is present from 21.7m to end of core box. 
From 21.7m to 22.5m black sphalerite is present as matrix between rhyolite clasts, suggesting 
sphalerite has migrated in between brittle rhyolite clasts. 
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restricted to shallow parts of the base metal mineralization. With few exceptions, the 
remainder of garnet ranges in composition from Gr71Ad29 to Gr00Ad100 with no pyralspite 
component. Chlorite, quartz, and calcite alteration replaces garnet and pyroxene, especially in 
areas where sulfides are brecciated and deformed (e.g. Figure 3.12 A-C). 
3.5 Mineralization 
The base metal skarn contains sphalerite, galena, tetrahedrite-tennantite, chalcopyrite, 
bornite, arsenopyrite, pyrite, minor stibnite, rare pyrrhotite, rare molybdenite, and trace native 
gold. Minor digenite and chalcocite rim or replace other copper sulfide minerals. Below the 
area where the rhyolite porphyry and the base metal sulfides are in contact, beginning at a 
depth of 500 m, the semi-massive to massive orebodies are accompanied by calcite and rare 
fluorite, and locally replace earlier calc-silicates. Parts of the upper half of the base metal 
resource, above 550 m depth, are present as massive sulfide with no calc-silicate minerals. 
The base metal lode is variably brecciated and deformed. Portions of the base metal 
resource show evidence of brecciation and plastic deformation (Figures 3.13). In shallower 
portions of the ore body where the base metal lode intersects the rhyolite porphyry intrusion, 
sphalerite is present as matrix between rhyolite clasts (Figure 3.12 A), in clasts mixed with 
rhyolite clasts (Figure 3.12 B), in clasts mixed with sandstone and chert clasts (Figure 3.11 A-
C) or as veins that cut rhyolite porphyry with quartz stockwork (Figure 3.11 D).   
The hypogene ores of the Au porphyry deposit are recognized at depths of 250 to 
575m and contain gold grades up to 20 grams per tonne. Coexisting copper grades range from 
zero to two percent. Quartz stockwork originating from the rhyolite porphyry intrusion extend 
up to 20m into the surrounding sandstone and chert. These veins do not extend into adjacent 
marble. Gold within the rhyolite porphyry intrusion is present as native gold inclusions within 
arsenopyrite (Figure 3.14).  Chalcopyrite is the primary copper phase present with gold in 
quartz stockwork veins. Arsenopyrite and calc-silicates are present within the same veins 
(Figure 3.8), which comprise multiple quartz generations. Arsenopyrite is restricted to the 
latest phase of quartz generation (Figures 3.15 and 3.16) and post-dates calc-silicates that 
were deposited with earlier quartz.  The gold grains are 5-15 microns in diameter and are 
almost always accompanied by Bi2Te and Bi2Te3 (Figure 3.17 A-C). Chalcopyrite, tennantite, 
altaite, galena, and bournonite (PbCuSbS3) are also present as inclusions or on the rims of 




Figure 3.13 Examples of ductile deformed pale sphalerite from drillhole 895. A: DH895-
647.3m – Clasts of sphalerite within chlorite-calcite matrix. Sphalerite clasts are variably 
stretched in consistent direction. B: Core location same as A and rotated 90 degrees. This side 
of core contains clasts of sphalerite demonstrating little to no stretching. C: DH895-647.4m – 
Left side of core are stretched clasts of sphalerite within chlorite-calcite matrix. Right side of 
core (contact is diagonal up and to the right) is siliceous rock that contains sphalerite within 





Figure 3.14 Backscatter electron image of arsenopyrite with gold-bismuth-tellurim species 
inclusions. Quartz (black) surrounds the arsenopyrite. 
 
Figure 3.15 Photomicrographs of arsenopyrite in quartz veins. Color CL (left) demonstrates 
arsenopyrite formed with latest quartz generation (Q2). The various quartz generations are not 
obvious in cross polarized light (middle) and plane polarized light (right). 
 
Figure 3.16 Photomicrographs of arsenopyrite hosted in quartz-epidote veins. Location can be 
found on Figure 3.8. The earliest quartz phase has long lived bright blue CL signature with no 
growth zoning. The second quartz generation has a short-lived purple-brown CL signature 
which demonstrates growth zone patterns, is coarser grained and euhedral. Epidote and garnet 
formation is likely coeval with the first quartz generation. Arsenopyrite and gold mineralization 





Figure 3.17 Energy dispersive spectrometry mapping images of gold, bismuth and tellurium 
species at Mungana included within larger arsenopyrite grains. 
 
3.6 Weathering 
Nethery and Barr (1998) concluded that massive kaolinite alteration of the rhyolite 
porphyry deposit was formed by telescoping of a high-sulfidation epithermal deposit onto an 
Au-Cu porphyry system. New XRD analyses and core logging demonstrate that the kaolinite 
zone is coincident with supergene phases related to weathering.  
Supergene gold mineralization with grades peaking around 6 grams per tonne is 
present in kaolinite-altered rhyolite from near surface to a depth of 200 m and is located 
above the hypogene sulfides of the porphyry deposit. The supergene alteration includes an 
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abundance of hematite and goethite, supergene copper-bearing species and lacks sulfide 
(Figure 3.3). The supergene alteration phases are continuous in the upper 40 m of the 
sandstone and chert and extend to depths of 250 m along the breccia zones and in the upper 
part of the rhyolite porphyry intrusion. Supergene metal phases include native copper, 
chalcocite, covellite, cerrusite (PbCO3), malachite, azurite, trace greenockite (CdS), and trace 
anglesite (PbSO4). Chert and sandstone are less affected by weathering than the rhyolite but 
contain significant hematite and goethite, reflecting oxidation of sulfides from the porphyry 
system that were also formed within the country rocks to the intrusion.  
Across the supergene-hypogene boundary, the rhyolite porphyry stock transitions 
from competent intrusive rock to massive clay-altered material. Based on x-ray diffraction 
analyses, all potassium feldspar in the rhyolite has been converted to kaolinite. Interlayered 
hematite, goethite, and kaolinite with remnant quartz veins are common (Figure 3.10).  No 
sulfide minerals have been observed within areas of kaolinite alteration. 
3.7 C-O Isotopes of Calcite 
Oxygen and carbon isotopes of calcite from thin (0.5m) garnet exoskarn and adjacent 
white marble were measured from drillhole 895 (Figure 3.18). Data for limestone from the 
Chillagoe Formation are also presented for comparison. Calcite from skarn was sampled from 
between grains of garnet. Calcite from white marble was sampled at the immediate contact of 
skarn and calcite and from massive white marble that lacked evidence of veins. 
Oxygen isotopes of the calcite from the skarn are isotopically light (15.4 to 17.9 ‰) 
compared to δ18O for white marble (19.9 to 22.0 ‰) and unaltered grey limestone (19.0 to 
24.2 ‰). Carbon isotopes from the calcite are isotopically light (2.0 to 2.1 ‰) compared to 
δ13C for white marble (2.4 to 3.8 ‰) and overlap measurements for grey limestone (0.9 to 2.1 
‰). All δ18O values of the white marble are consistent with those for unaltered limestone 
from the Chillagoe Formation, including marble at the skarn-marble contact. The lighter δ18O 





Figure 3.18 Carbon and Oxygen Isotope Results. Grey Limestone data from Chapter 1. Data 
can be found in Appendix 2.4. 
 
3.8 Geochronology 
3.8.1 Re-Os Molybdenite Geochronology 
Lehrmann (2012) reported a molybdenite Re-Os age of 335 + 2 Ma from the base of 
the Mungana base metal skarn deposit at a depth of 670m m. This molybdenite bearing skarn 
was redated in this study to confirm the age because it predates all know magmatism and 
mineralization ages within the Chillagoe mining district. The location of this sample can be 
found in Figure 3.3 and is the same location that was sampled by Lehrmann (2012). The 
garnet-wollastonite-molybdenite skarn is located between the footwall sandstone and barren 
marble in contact with the skarn. The skarn where molybdenite was sampled contains < 1% 
Zn but is located immediately above and below intersections of massive sphalerite containing 
43% and 15% Zn, respectively. Based on this molybdenite being contained by skarn that is 
stratigraphically identical to neighboring sphalerite bearing skarn intersections, we interpret 
the molybdenite to be paragenetically related to the same skarn that is related to the base 
metal resource.  The sample contained 66.19 ppb 187Re and 0.370 ppb 187Os concentrations 
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and returned a model age of 334.8 + 3.3 Ma, confirming the age reported by Lehrmann 
(2012).  
The Re and 187Os concentrations of the molybdenite analyzed from Red Dome and 
Mungana in this study and from Lehrmann (2012) vary between 53.1 to 0.1 ppm and 166.5 to 
0.4 ppb, respectively.  Those molybdenites with low concentrations of Re and Os have 
reported ages that are too old based on the paragenesis of the molybdenite in comparison to 
their paragenesis with intrusions or other molybdenite samples. For example, at Red Dome 
Lehrmann (2012) reported a Re-Os age of 327.2 + 1.6 Ma from a quartz-molybdenite vein 
hosted within a 322 + 2 Ma intrusion. Another example is from Red Dome where the 
molybdenite sample with the lowest Re and Os concentrations reported a Re-Os age ~35 Myr 
older than molybdenites within the same skarn body (Chapter 2). This suggests that 
molybdenites dated from the Chillagoe district that contain low Re and Os concentrations 
may report ages that are too old, and that the Mungana Re-Os ages reported by Lehrmann 
(2012) and this study may be unreliable. 
3.8.2 U-Pb Zircon Geochronology 
Lehrmann (2012) previously reported a zircon LA-ICPMS age for the rhyolite hosting 
the porphyry deposit of 324 + 2 Ma and 305 + 2 Ma for the deep granite intrusion. Zircon 
from the rhyolite porphyry, the deep granite body, and the two barren rhyolite dikes were 
dated by SHRIMP U-Pb evaluate the quality of the age determinations from Lehrmann 
(2012) which contain inherited zircon. A separate sample of a granite porphyry outcrop at 
Sericite Hill, located approximately 1.2km west southwest of Mungana, was also dated by 
LAICPMS U-Pb isotope analysis.  For each age determination the youngest group of zircon 
ages that included a minimum of three concordant zircon and an MSWD of less than 1.8 were 
used. The weighted average age uncertainty of the LA-ICPMS analysis was less than 1% at 
the 95% confidence interval. We report the error of this age at 1% because comparison 
between different LA-ICPMS laboratories demonstrate that errors below 1% are not 
reproducible (Klötzli et al., 2009).  
In each age determination, discordant zircon that demonstrate linear trends were 
interpreted to contain common lead. For all samples the U-Pb discordia method was used to 
calculate an intercept age. The discordia intersection with the Y axis was fixed at the 
common lead value which was calculated by the Stacey-Kramers single-stage lead isotope 
growth model (Stacey and Kramers, 1975). SHRIMP and LA-ICPMS U-Pb results can be  
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Table 3.1: Geochronology Results. Data can be found in Appendices 2.5 and 2.6. 
 






701.1m Rhyolite Porphyry 
SHRIMP U-Pb 
Zircon 317.8 2.3 0.78 
883W2 858.1-
859.3m Rholyite Porphyry 
SHRIMP U-Pb 
Zircon 317.5 2.3 0.85 
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907.6m Rholyite Porphyry 
SHRIMP U-Pb 










Molybdenite 334.8 3.3 N.A. 
CG17-278 Rhyolite Porphyry 
LA-ICPMS U-Pb 
Zircon 290 3 1.7 
 
 
found in Table 3.1. The locations of the SHRIMP ages can be found on Figure 3.3. The 
location of the LA-ICPMS age from the Sericite Hill outcrop can be found on Figure 3.2.  
Eighteen zircon from the northeastern and shallowest rhyolite porphyry intrusion were 
analyzed. This sample is located within the same rhyolite intrusion and from which 
Lehrmann (2012) reported an age of 324 + 2 Ma. Lehrmann (2012) did not report the exact 
location of their sample, so a precise spatial relationship is unknown. Fourteen of these zircon 
produced concordant 238U/206Pb and 207Pb/206Pb ratios (Figure 3.19). A discordia intercept age 
of 317.8 + 2.3 Ma with a MSWD of 0.78 was produced from all eighteen zircon. 
Eighteen zircon from the central rhyolite porphyry intrusion were analyzed. Sixteen of 
these zircon produced concordant 238U/206Pb and 207Pb/206Pb ratios (Figure 3.19), with one 
zircon being significantly older (~418 Ma). The seventeen zircon (disregarding the older 
outlier) produced a discordia intercept age of 317.5 + 2.3 Ma with a MSWD of 0.85. The 
older zircon is interpreted to be inherited and is not representative of the age of crystallization 
of the intrusion. 
Twenty zircon from the southwestern most rhyolite porphyry intrusion were analyzed. 
Fifteen of these zircon produced concordant 238U/206Pb and 207Pb/206Pb ratios (Figure 3.19). 
All twenty zircon produced a discordia intercept age of 314.5 + 2.2 Ma with a MSWD of 




Figure 3.19 Terra-Wasserburg diagrams for zircon dated from the rhyolite porphyry intrusions, 
the granite intrusion and the Sericite Hill intrusion outcrop. Zircon used for age determination 
are in red. Zircon not used for age determination are in black. Data can be found in Appendix 
2.6. 
 
of the same intrusion (Figure 3.3). All SHRIMP U-Pb age determinations of the rhyolite 
porphyry dikes are statistically younger than the 324 + 2 age of the northeast rhyolite 
porphyry intrusion by Lehrmann (2012).  
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Eighteen zircon from the granite intrusion were analyzed. All of these zircon 
produced concordant 238U/206Pb and 207Pb/206Pb ratios (Figure 3.19), with one being 
significantly younger at approximately 261 Ma. The seventeen older zircon produced a 
discordia intercept age of 306.9 + 2.5 Ma with a MSWD of 1.3. This age confirms the 305 + 
2 Ma age of crystallization reported by Lehrmann (2012).  
Thirteen zircon from the rhyolite porphyry outcrop located west 1.2 km northwest of  
Mungana were analyzed. Seven of these zircon produced concordant 238U/206Pb and 207Pb/206Pb 
ratios (Figure 3.19). Eleven of these zircon produced a discordia intercept age of 289.1 + 2.9 
Ma with a MSWD of 1.7.   
3.9 Paragenesis 
Lehrmann (2012) proposed a paragenetic sequence where the base metal sphalerite, 
galena and chalcopyrite within the deep skarn are temporally related to gold mineralization 
within the gold porphyry deposit. The textural relationships of the base metal resource and 
the quartz stockwork hosted gold mineralization suggest the temporal relationship between 
the two is more complex (Figure 3.20) and that the two mineral systems are not causally 
linked. 
Based on the abundance of quartz stockworks within the rhyolite intrusion it is 
apparent that significant magmatic waters were released from the intrusion. As-Au-Bi-Te 
mineralization hosted within the latest phase of quartz stockwork of the rhyolite porphyry 
confirms the gold mineralization precipitated from cooling fluids within the shallowest 317.8 
+ 2.3 Ma rhyolite porphyry intrusion. 
The ca 335 Ma age reported by Lehrmann (2012) and this study from molybdenite at 
the bottom of the Zn-Pb-Cu-Ag skarn suggests that the base metal skarn predates the 
porphyry gold deposit by 18 Ma (Lehrmann, 2012); however, clasts of sphalerite adjacent to 
and within the rhyolite porphyry deposit and sphalerite veins cutting quartz stockwork 
demonstrate that the base metal resource has been deformed and that at least some of the base 
metal mineralization occurred after ca 318 Ma. The original age of the Zn-Pb-Ag-Cu 
mineralization of the deep skarn and coexisting calcsilicate minerals is unknown. 
Mineralization related to the 305 + 2 Ma granite has not been identified. The granite 
lacks stockwork veining, endoskarn and only contains sericite alteration. Therefore, it is 




Figure 3.20 Summary of Paragenesis of the Mungana deposits. The timing is based upon Re-
Os molybdenite dating of the base metal lode and U-Pb zircon dating of the rhyolite intrusion 
hosting the As-Au-Bi-Te mineralization. Thick lines denote major phase. Thin lines denote 
minor or rare phase. Due to the unreliability of the Re-Os age, the base metal mineralization 
and skarn age is unknown. Deformation and brecciation of the sulfides must have occurred 
after formation of the 317 Ma gold porphyry deposit. 
 
mineralization of either the base metal lode or the gold porphyry is attributed to this 
timeframe.  
Massive and interlayered kaolinite, goethite, hematite with lesser chalcocite, covellite, 
cerrusite and other supergene minerals occur exclusively above the oxidation transition 
shown in Figure 3.3. Based on presence of these minerals only where hematite and goethite 
occur, our interpretation is that supergene conditions were responsible for their presence and 




3.10.1 Age of the Mungana Base Metal Skarn 
Based on U-Pb and Re-Os geochronology, Mungana should be older than the 
porphyry gold deposit. However, this interpretation is complicated by deformation textures 
variably present in the base metal lode. Sphalerite veins that cut quartz stockwork in the 
porphyry gold deposit demonstrate latest base metal deposition postdates the ca 318 Ma 
porphyry gold deposit. If these veins and breccias occurred after the initial skarn formation, 
the original age of mineralization could be older than the porphyry gold deposit. Based on the 
low abundance of Re and Os, which correlates to erroneously old ages in the Chillagoe 
District (Chapter 2; Lehrmann, 2012),  the ca 335 Ma Re-Os molybdenite age is unreliable. 
Therefore, the original age of mineralization of the base metal deposit remains unknown, and 
deformation of the base metal skarn occurred after crystallization of the rhyolite porphyry 
intrusions. 
3.10.2 C-O Isotopes and Hydrothermal Fluid Flow 
Similar to the Red Dome deposit, most of the marble surrounding the rhyolite porphyry 
intrusion formed primarily by direct recrystallization during contact metamorphism. The 
carbon and oxygen isotopic compositions of all marble samples analyzed lack the light 
isotopic composition of the calcite from skarn, suggesting that hydrothermal fluids did not 
permeate into the surrounding carbonate rocks. Rather, they were confined to the thin skarn 
surrounding the rhyolite porphyry and within the intrusion. The confinement of these fluids to 
within the intrusion and the buoyancy of the fluids likely aided in forming a breccia at the top 
of the rhyolite porphyry intrusion. 
3.11 Conclusions - Similarities and Differences of the Mungana and Red Dome 
Porphyry Deposits 
The Red Dome and Mungana porphyry systems have significant similarities and 
differences in their size, geochemistry and textures. Both gold deposits formed from 
exsolution of magmatic fluids from the cooling intrusions in which they are hosted. These 
gold bearing porphyry systems are derived from ilmenite series rhyolite magmas, which is 
atypical for gold porphyry deposits. Gold porphyry deposits are almost always hosted by 
magnetite series intermediate composition porphyritic intrusions (Ishihara, 1981; Sillitoe, 
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2000). Both intrusions contain vermicular quartz phenocrysts that demonstrate the earliest 
exsolved fluids contained elevated HF- and Cl- (Chang and Meinert, 2008).  
While the causative intrusions for porphyry style mineralization at Red Dome and 
Mungana share similar traits, the resulting sulfide assemblages contrast. At Red Dome 
magnetite-bornite-chalcopyrite-pyrite-native gold assemblage is common and mostly hosted 
within exoskarn. At Mungana arsenopyrite-pyrite-chalcopyrite-loellingite-Bi-Te assemblages 
are most common within the porphyry gold resource. The abundance of magnetite and 
andradite at Red Dome, compared to the loellingite bearing assemblage at Mungana suggests 
that significant oxidation state changes occurred during the formation of the Chillagoe 
porphyry deposits. The lower oxidation state assemblage present in the Mungana gold ores in 
comparison to Red Dome is due to a difference in oxidation state of the fluids exsolving from 
the two rhyolite porphyry intrusions. Lehrmann (2012) reported hafnium isotopic 
compositions of all zircon from the rhyolite porphyry intrusions to have a strong crustal 
signature, suggesting that the rhyolite porphyry intrusions of the Chillagoe district were the 
product of crustal melting with little to no mantle input. Therefore, the resulting changes in 
oxidation state of the magmatic fluids are most likely a result of heterogeneity of the crustal 
material that was melted to produce the Red Dome and Mungana deposits, or variable 
introduction of organic material introduced to the magmas during their ascent into the 
Chillagoe Formation and units below. 
Lastly, the style of mineralization and their location relative to skarn differs between 
Mungana and Red Dome. At Red Dome, the majority of gold and copper ores are hosted in 
exoskarn and not within quartz stockworks contained with the Red Dome rhyolite porphyry 
intrusion. At Mungana, ores related to the intrusion are only hosted within quartz stockworks 
within the intrusion or in the surrounding sandstone. Almost no ores at Mungana relating to 
the rhyolite porphyry are hosted within skarn. This is due to the lack of carbonate present at 
the top of the Mungana porphyry intrusion, and these differences highlight the stratigraphic 
controls on skarn versus porphyry ore formation. 
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CHAPTER 4 THE GEOLOGY AND GEOCHRONOLOGY  
OF THE REDCAP ZN-PB-AG-CU-AU SKARN DEPOSITS 
Abstract 
The Redcap prospect area was initially mined in the late 1800s for its base metal 
content via small adits. Late Carboniferous skarn and carbonate replacement are hosted along 
the southwest dipping Redcap thrust fault and in the hanging wall along near vertical 
sedimentary contacts of the Silurian-Devonian Chillagoe Formation. Drilling at Redcap has 
defined an inferred resource of 3.8 Mt at 4.8 % Zn, 0.7 % Cu, 0.2 % Pb, 0.1 g/t Au and 19 g/t 
Ag between three lodes at the Queenslander, Victoria-Morrison and Penzance skarns. 
Magmatism at Redcap began around 317 Ma with the eruption of dacite and rhyolite 
composition volcanic rocks. Thrusting of the underlying Chillagoe Formation over the 
volcanic rocks followed between 317 and 310 Ma. Sphalerite-magnetite-garnet (Ad53-100) 
skarn formation along the thrust fault and the overlying sedimentary contacts followed. 
Clinopyroxene (Hd04-99, Jo0-42)-Pyrrhotite dominant skarn formed at 310 + 1.3 Ma and cuts 
the earlier garnet dominant skarn. The pyroxene dominant skarn has variably altered to 
ferrohornblende, ferroedenite to hastingsite, and trace pargasite. The garnet and 
clinopyroxene affinities are present along the thrust contact and perpendicular to stratigraphy, 
so compositional variations of the Chillagoe Formation carbonate rocks do not control skarn 
mineralogy. Rather, the two skarn affinities are likely a result of different fluids.  
  285 Ma to 293 Ma deeply exposed granodiorite plutons are present along strike and 
cut the thrust fault.  Drilling within the resource has intersected a single thin rhyolite 
porphyry dike. The hedenbergite and johannsenite components of clinopyroxene within the 
Redcap resource increase systematically from southwest to northeast. These trends suggest 
that fluids for the clinopyroxene-pyrrhotite skarn were sourced from an undiscovered 
intrusion to the southwest at depth and confirm that neither of the exposed plutons or the dike 
are the sources for the skarn mineralization. The source of the early garnet-sphalerite-
magnetite dominant skarn remains undiscovered and requires additional exploration.  
4.1 Introduction 
 The Redcap deposits are located 4.5 km north-northeast of the Red Dome deposit 





Figure 4.1 Distribution of the major Formations within the western portion of the Hodgkinson 
Province. Adapted from Henderson, et al. (2013). 
 
have been mined intermittently for lead, copper, silver, gold and zinc ores. Early production, 
including small pits in the Redcap area, mined massive sulfide and oxidized skarn ores. These 
ores produced 31,328 metric tons of lead, 7,782 metric tons of copper and ~100,000 kg of 
silver (Broadhurst, 1953). Red Dome is the largest deposit of the district and produced 15 Mt 
at 2.0 g/t gold, 0.5% copper and 15 g/t silver. This resource was a proximal gold-copper skarn 
hosted immediately above its causative intrusion (Chapter 2). The second largest deposit is 
Mungana which produced 700 kt at 11.1% Zn, 1.8% Cu, 1% Pb, 1 g/t Au and 80 g/t Ag. The 
base metal resource was hosted within garnet-pyroxene skarn along the contact of marble and 
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sandstone. The source for this skarn remains undiscovered and below the current depths of 
drilling (Chapter 3).  
The Redcap skarns and associated mineralization resemble the base metal resource 
produced at Mungana and King Vol (Chapter 5). The magmatic sources for these base metal 
deposits have not been discovered, so the exploration potential for the causative intrusions 
and proximal skarns remains. Evaluating the temporal and genetic relationship of 
mineralization to intrusions in the immediate exploration area is critical to understanding the 
prospectivity of the distal skarn, proximal Cu-Au skarns such as at Red Dome and porphyry 
style mineralization such as at Red Dome and Mungana. To evaluate the potential for 
deposits at Redcap, it is necessary to understand from where the fluids originated and the 
prospectivity of the magmatic source. If fluids migrated laterally, the deeply eroded and 
barren Belgravia and Ruddygore plutons, which are located approximately 1 km northwest 
and southeast of the mineralization at Redcap (Figure 4.2), are potential sources for 
mineralization. If fluids migrated from the southwest along the Redcap thrust fault, then a 
concealed pluton may be the source.  
At both Red Dome and Mungana, the causative intrusion for gold resources are either 
shallowly eroded, or buried porphyritic intrusions with mineralization located in the 
shallowest portions of the intrusion. Therefore, based on the deep erosional level and 
complete lack of stockwork associated with the Belgravia and Ruddygore plutons, these 
plutons are unlikely to host significant proximal gold + copper resources as is the case at Red 
Dome and Mungana. If there were breccia hosted skarn deposits or porphyry hosted Cu-Au 
mineralization related to these plutons, they likely eroded. If fluids originated to the 
southwest and at depth, proximal Cu-Au skarns and/or porphyry style mineralization may 
remain intact. 
Lehrmann (2012) suggested that the Belgravia pluton to the northeast may have been 
the source because a zircon U-Pb age of 297 + 2 Ma from the pluton overlaps with a 
molybenite Re-Os age of 295 + 2 Ma from mineralization within the Redcap skarn. However, 
she did not employ skarn zonation to evaluate where Redcap mineralization was sourced. 
Older ages for the Ruddygore (306 + 2 Ma; sample CHL6) and Belgravia (308 + 1 Ma; 
sample CHL2) plutons were reported by Murgulov (2012). The locations of these samples 
plot far from the Ruddygore and Belgravia Plutons (Figure 4.2). Therefore, the ages reported 




Figure 4.2 Bedrock geologic map of the Chillagoe Mining District. Cross section locations shown in lower left insert. Sample locations for ages 
of the Belgravia and Ruddygore plutons from Murgulove et al. (2012) plot off the map area (CHL6 and CHL2). The sample location for the age 
of the Belgravia pluton from Lehrmann (2012) plots within the mapped pluton boundary (BE-1). Surface sample locations for U-Pb geochronology 
reported in this study are shown (+).
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Murgulov (2012) cited Nethery and Barr (1998) as reporting ca 320 Ma, 307 Ma and 290 Ma 
ages for the Belgravia pluton when these ages were reported for the Mungana deposit. The 
ages reported within Murgulov (2012) have no obvious relationship to the Ruddygore and 
Belgravia plutons or any mineralization at Redcap and will not be further considered. 
This study presents new surface mapping and three new detailed cross sections of the 
Redcap prospects. New geochemical and geochronological data are presented to evaluate the 
temporal and genetic relationships between mineralization and the mapped intrusions. We 
present 460 new wavelength dispersive spectroscopy (WDS) electron microprobe analyses of 
clinopyroxene within Redcap, one new Re-Os molybdenite from mineralization, and nine 
new U-Pb zircon ages from igneous rocks to demonstrate that both exposed plutons contain 
abundant inherited zircon and are ~20 m.y. younger than mineralization. Based on 
compositions of clinopyroxene, the Redcap skarns were sourced from an undiscovered 
intrusion to the southwest of the skarns and at depth. The 310 Ma age of mineralization at 
Redcap postdates the 322 Ma Red Dome and 317 Ma Mungana gold deposits and overlaps in 
age with a barren intrusion below Mungana and the barren Red Hill granite 10 km southwest 
of Redcap. 
4.2 Geologic Setting 
The Redcap skarns consist of three separate lodes named Queenslander, Victoria-
Morrison and Penzance. Mineralization at Queenslander and Victoria Morrison are hosted 
between dacite of the Redcap volcanic rocks and the Silurian-Devonian Chillagoe Formation 
carbonate and clastic rocks (Figures 4.3 and 4.4). Mineralization at Penzance is located 
between vertical carbonate, sandstone and basalt (Figure 4.5). The Chillagoe Formation is 
bounded to the southwest by the Palmerville Fault which is a suture zone between 
sedimentary rocks of the Hodkinson Province and schistose to gneissic rocks of the 
Precambrian North Australia Craton. The Palmerville fault is interpreted to dip to the 
northeast and underneath the Chillagoe Formation (Korsch, et al., 2012).  In the Redcap area, 
the Chillagoe Formation is bounded to the northeast by the Redcap thrust fault and lies on top 
of the Redcap dacitic volcanic rocks. Elsewhere the Chillagoe Formation is bounded to the 
northeast by the Hodgkinson Formation. The Chillagoe Formation contains abundant shallow 
marine limestones, chert, sandstone, conglomerate and submarine basalt (Figure 4.2; 
Fordham, 1990; Vos et al., 2006) whereas the Hodgkinson Formation is composed of deep 
marine sedimentary rocks including greywacke, conglomerate and mudstone.  
79 
 
In the Chillagoe Mining district the sedimentary units have been overturned from near 
vertical to 50 degrees (Figure 4.2) and consistently young westward (Fawckner, 1981; 
Bultitude et al., 1993). Folds with wavelengths of a few meters have been documented, but 
folding has not been demonstrated to be responsible for rotation of the Chillagoe Formation. 
Tabberabberan deformation of the Chillagoe Formation is interpreted to be responsible for 
the rotation and consistent younging and slightly overturned position of the stratigraphy 
(Fawckner, 1981; Bernecker, 1993; Bultitude et al., 2002). Northeast and northwest striking 
faults are common in the district. 
Late Carboniferous rhyolite porphyry intrusions (322 to 317 Ma) formed within the 
Chillagoe Formation and are the source for porphyry mineralization and associated proximal 
Au-Cu skarns at Red Dome and Mungana (Chapters 2 and 3). Larger late Carboniferous to 
early Permian granite to granodiorite plutons within the district are deeply eroded and have 
not been linked to any deposits within the district (Belgravia, Ruddygore, Red Hill plutons; 
Figure 4.2). The Hf isotopes of the porphyry intrusions associated with Au-Cu mineralization 
and the granodiorite plutons are indicative of a crustal source (Lehrmann 2012). Similarly, 
Murgulov et al. (2013) reported Hf-isotopic signatures from the late Carboniferous plutons 
from Chillagoe region that demonstrate crustal sources with no evidence of juvenile mantle 
contribution. Distal Zn-Pb-Ag-Cu skarns are hosted at the contact between Chillagoe 
formation limestone and other sedimentary units.  These massive sulfide replacement lodes 
have been discovered at Redcap, Mungana and King Vol. 
4.3 Extrusive and Intrusive Rocks at Redcap 
The Redcap skarn prospect is located at the thrust contact between the Redcap volcanic 
rocks and the overlying Chillagoe Formation. The Redcap volcanic rocks are located in the 
footwall of the Redcap Thrust fault and outcrop to the northeast of the Redcap prospect (Figures 
4.2). Drilling has intersected dacite below the Chillagoe formation to a depth of 600m (Figures 
4.3 and 4.4). These rocks are dacite to rhyolite composition ignimbrite (Figure 4.6) with 
rhyolite being restricted to the northeast. A single volcanic bedding measurement between 
quartz rhyolite and rhyolite suggests that a portion of the volcanic rocks dip steeply southwards.  
The volcanic rocks are cut to the northwest by the Belgravia granodiorite pluton and to 
the southeast by the Ruddygore granodiorite to tonalite pluton (Figures 4.2 and 4.7). The 
Ruddygore pluton is composed of two intrusions, with Ruddygore-1 being more magnetic than 




Figure 4.3 Cross section of the Redcap Queenslander deposit. Section location can be found in 
Figure 4.2.  
 
 
Figure 4.4 Cross section of the Redcap Victoria-Morrison deposit. Section location can be 




Figure 4.5 Cross section of the Redcap Penzance prospect. Section location can be found in 




Figure 4.6: Redcap volcanic rock (teal circles), Belgravia pluton mafic xenolith (+) and 
Ruddygore mafic xenolith (x) compositions shown on total alkalis versus silica igneous rock 
classification diagram. Data can be found in Appendix 3.1. Classification diagram is from Bas 






Figure 4.7: CIPW normative mineralogy compositions of the Red Dome quartz feldspar 
porphyry and felsite. Data can be found in Appendix 3.1. Classification diagram is from 
Streckeisen and LeMaitre (1979). 
 
data or magnetic susceptibility measurements. The Red Hill pluton is located approximately 
8km to the east. The Belgravia and Ruddygore plutons are medium grained and contain roughly 
twice as much plagioclase as quartz or potassium feldspar with biotite and less hornblende 
present (Figure 4.8). Minor sericite alteration is present within the feldspars. Thin garnet skarn 
rims the outside of the plutons where it is in contact with marble. The Red Hill pluton is a 
porphyritic granite (Figure 4.7) and contains mafic enclaves. Minor sericite alteration of 
feldspars and chlorite alteration of biotite are present. 
A single rhyolite porphyry dike is present adjacent to pyroxene-pyrrhotite exoskarn 
(Figure 4.4). Based on one whole rock analysis, the dike has a composition of tonalite (Figure 
4.7). The high amount of modal orthoclase may be due to alteration and may not be indicative 
of the magmatic composition. 
4.4 Exoskarn 
Two separate exoskarn types are hosted within the Redcap thrust fault and the adjacent 
sedimentary contacts. The skarns hosted along the thrust fault are nearly perpendicular to the 
stratigraphic contacts. Garnet (Ad53-100; Figure 4.9) and sphalerite with minor (<5%) 




Figure 4.8: Cross-polarized photomicrographs of granodiorite (top left) and basalt composition 
xenoliths (top right) of the Ruddygore pluton. Cross-polarized photomicrograph of the Red Hill 
pluton (bottom left) showing biotite-feldspar rich mafic enclave adjacent to granite. Bottom 
right is the corresponding transmitted light photomicrograph.  
 
 
Figure 4.9 Electron microprobe compositions of garnet from the Redcap prospect. Data can be 
found in Appendix 3.2.  
 
inclusions within larger garnet crystals. Wollastonite is variably associated with garnet 
exoskarn at the marble skarn-marble contact. 
Pyroxene (Hd04-99, Jo0-42); (Figure 4.10) and pyrrhotite skarn cuts the earlier garnet 
skarn (Figures 4.3-4.5 and 4.11). No garnet has been identified in this skarn type. In some 
cases, pyrrhotite dominant veins lacking calcsilicate cut the early garnet skarn. Based on 
electron microprobe analyses of 439 clinopyroxene grains, the clinopyroxene dominant skarn 
is compositionally zoned along the Redcap thrust fault. Hedenbergite- rich clinopyroxene is 




Figure 4.10 Electron microprobe compositions of clinopyroxene from the Redcap prospect 
(bottom right). Black circles are compositions from late clinopyroxene-pyrrhotite skarn; Black 
Xs are from early garnet-magnetite-sphalerite skarn. Geographic distribution of average 
compositions of clinopyroxene are shown in top left (diopside component), top right 
(hedenbergite component), and bottom left (johannsenite component). The analyses are from 
skarn hosted along the Redcap thrust fault dipping towards the southwest with the exception 
of the Penzance area (Figure 4.5). High Johannsenite clinopyroxene is distal from source and 
is restricted to the northeast and southwest. High hedenbergite component is distal from source 
and is mostly restricted to southeast portion. High diopside component is restricted to central 
and southwest. The presence of johannsenite and hedenbegite proximal to the Belgravia and 
Ruddygore plutons suggests these are not sources of the mineralizing fluid. Black arrows 
indicated interpreted fluid flow direction which is from the southwest. Data can be found in 
Appendix 3.3.  
 
clinopyroxene is present in the northwest portion of drilling and is coincident with massive 
pyrrhotite + chalcopyrite veins lacking calcsilicate minerals. Diopside-rich clinopyroxene is 
hosted in the central portion of drilling and to the southwest. Ferro-hornblende, lesser ferro-
edenite to hastingsite and trace pargasite (Figure 4.12) variably replace the clinopyroxene skarn 
or are present with pyrrhotite without clinopyroxene. 
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Figure 4.11 Plane and cross-polarized photo micrographs of clinopyroxene-chlorite vein 
cutting garnet-magnetite skarn (left and center) and reflected light photomicrograph of massive 
pyrrhotite-chalcopyrite vein cutting massive magnetite (right).  
 
 
Figure 4.12 Electron microprobe compositions of amphibole from the Redcap prospect. Data 
can be found in Appendix 3.4.  
 
4.5 Mineralization and Paragenesis 
Lehrmann (2012) first described the paragenesis of mineralization and skarn phases at 
Redcap as a single skarn forming event which included a prograde and retrograde stage. The 
prograde stage described by Lehrmann (2012) included garnet, diopside rich clinopyroxene 
and hedenbergite rich clinopyroxene. In addition magnetite and pyrrhotite were reported to 
have formed in the same skarn, suggesting a transition from oxidized to reduced conditions 
during the transition from prograde to retrograde.  
In this study we conducted a petrographic review of twenty-two drill holes where garnet 
and clinopyroxene dominant skarns were intersected. In every example clinopyroxene-
pyrrhotite dominant skarn cuts earlier garnet-sphalerite-magnetite dominant skarn (e.g. Figure 
4.11). Within the garnet dominant skarn, sphalerite, chlorite, quartz and calcite cut the early 
garnet. Within the clinopyroxene dominant skarn, pyrrhotite, chalcopyrite, chlorite, calcite and 
quartz cut the early clinopyroxene. Therefore, we propose a new paragenetic model that 
includes two skarn forming events. The earlier phase includes a prograde (garnet) phase and 
retrograde phase including sphalerite and the products of lower temperature alteration of 
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garnet. Following this hydrothermal event, a second hydrothermal event formed the prograde 
clinopyroxene dominant skarn, followed by retrograde alteration along with the formation of 
sulfide. A summary of this paragenetic model is shown in Figure 4.13. Gold, tellurium and 
bismuth species were not identified in this study and based on assays gold, bismuth and 
tellurium concentrations are low and restricted to the clinopyroxene-pyrrhotite skarn.  
 
 
Figure 4.13 Paragenesis at the Redcap prospect. 
 
4.6 Geochronology 
4.6.1 U-Pb Geochronology  
Previous U-Pb geochronology of the Redcap dacite and the Belgravia pluton has been 
reported by Lehrmann (2012). 310 + 2 Ma and 306 + 2 Ma U-Pb zircon ages of the Redcap 
Dacite were reported. A 295 + 2 Ma age for the Belgravia pluton was also reported. The age 
for Belgravia was determined by a population of five young zircon from 18 that were analyzed. 
The 13 discarded zircon were older and presumably inherited. Due to the small number of 
zircon analyzed, we re-dated 26 zircon from the Belgravia pluton to evaluate whether the 
younger population reported by Lehrmann (2012) were the youngest population, or whether 
they were also inherited. In addition, this study redates the Redcap Dacite and provides new 
ages for the undated rhyolites within the Redcap volcanic rocks and the Ruddygore pluton. 
Samples of the dacite were collected from two drillholes adjacent to the samples dated by 
Lehrmann (2012) and their locations can be found in Figure 4.4. The rhyolite and Quartz 
rhyolite of the Redcap volcanic rocks, the Belgravia, Ruddygore, and Red Hill plutons were 
sampled on surface and dated by U-Pb zircon. The location of the surface samples can be found 
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in Figure 4.2. U-Pb geochronology results from this study can be found in Table 4.1 and Figure 
4.14. 
 
Table 4.1 Geochronology Results from Redcap and Red Hill. Data can be found in 
Appendices 3.4 and 3.5. 
 
 
Zircon from six samples from the Redcap volcanic rocks, Belgravia pluton, Ruddygore 
pluton and Red Hill pluton were dated to evaluate their relative timing to the Redcap skarn. 
Ages were determined by selecting the youngest zircon population that included a minimum 
of three concordant U-Pb isotope and an MSWD of less than 1.9. Age error is reported at a 
minimum of 1% as smaller errors have been demonstrated to be unreproducible (Klötzli et al., 
2009). For all samples the U-Pb Discordia method was used. The discordia line intersection 
with the Y axis was calculated as common lead as described by Stacey and Kramers (1975). 
Discordant zircon that crossed the discordia line were included in the age determination, 
whereas those that did not cross the discordia line were excluded.  
Three separate samples of the dacite of the Redcap volcanic rocks immediately 
underlying the Redcap skarns were dated. The location of these samples can be found in Figure 
4.4.  Nineteen zircon from DH952-665m were analysed. Nine zircon produced concordant 
238U/206Pb and 207Pb/206Pb ratios (Figure 4.14). Sixteen zircon produced a discordia intercept 
age of 317.5 + 4.7 Ma with an MSWD of 1.8. Twenty-one zircon from DH995-583m were 
analysed. Nineteen zircon produced concordant 238U/206Pb and 207Pb/206Pb ratios; however, 
three zircon were significantly older and interpreted to be inherited (Figure 4.14). Thirteen 
zircon produced a discordia intercept age of 319.4 + 3.2 Ma with an MSWD of 1.8. A single 
young concordant zircon was not used. Twenty zircon from DH949-562m were analysed.  
Sample Name Rock Type Dating  Method Age (Ma) Erro r (Ma) MSWD
DH952  665m Dacite LA-ICPMS U-Pb  Zircon 318 3 1.8
DH995 583m Dacite LA-ICPMS U-Pb  Zircon 319 3 1.6
DH949  562m Dacite LA-ICPMS U-Pb  Zircon 318 5 1.8
CG16-57 Quartz Rhyo lite LA-ICPMS U-Pb  Zircon 313 5 1.8
CG17-312 Rhyo lite LA-ICPMS U-Pb  Zircon 314 3 1.0
DH955 438m Redcap  Skarn Re-Os Molybdenite 310 1.3 N.A.
CG16-34 Granod io rite Ruddygore -1 LA-ICPMS U-Pb  Zircon 293 3 0 .83
CG16-40 Granod io rite Ruddygore -2 LA-ICPMS U-Pb  Zircon 285 4 1.9
CG16-63 Granod io rite Belg ravia LA-ICPMS U-Pb  Zircon 290 3 1.8
CG17-315 Red  Hill Granite LA-ICPMS U-Pb  Zircon 309 3 1.5
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Figure 4.14 Terra-Wasserburg plots of U-Pb analyses of the Belgravia pluton, Ruddygore 





Nineteen zircon produced concordant 238U/206Pb and 207Pb/206Pb ratios (Figure 4.14). Thirteen 
zircon produced a discordia intercept age of 317.5 + 4.7 Ma with an MSWD of 1.5.  
One sample of the rhyolite within the Redcap volcanic rocks was dated. Fifteen zircon 
from sample CG17-312 were analysed. All of these zircon produced concordant 238U/206Pb and 
207Pb/206Pb ratios (Figure 4.14). All fifteen zircon produced a discordia intercept age of 313.9 
+ 3.2 Ma with an MSWD of 1.0.  
One sample from the quartz rhyolite within the Redcap volcanic rocks was dated. 
Nineteen zircon from sample CG16-57 were analysed. Six of these zircon produced concordant 
238U/206Pb and 207Pb/206Pb ratios (Figure 4.14). Twelve zircon produced a discordia intercept 
age of 313.2 + 4.6 Ma with an MSWD of 1.8.  
Two samples from the Ruddygore granodiorite pluton and one sample from the 
Belgravia pluton were dated. All three samples contained unimodal zircon populations with 
ages that varied in excess of 40 Myr. The majority of these zircon are concordant. The youngest 
zircon are interpreted to represent the final crystallization age while older zircon are inherited. 
The youngest population of at least three zircon with a MSWD less than or equal to 1.9 were 
used to calculate a crystallization age. Thirty zircon from sample Ruddygore-2 sample CG16-
40 were analysed. Thirteen of these zircon produced concordant 238U/206Pb and 207Pb/206Pb 
ratios (Figure 4.14). Seven zircon produced a discordia intercept age of 285 + 3.5 Ma with an 
MSWD of 1.9. Twenty-nine zircon from Ruddygore-1 sample CG16-34 were analysed. 
Twenty-two of these zircon produced concordant 238U/206Pb and 207Pb/206Pb ratios (Figure 
4.14). Eleven zircon produced a discordia intercept age of 292 + 2.9 Ma with an MSWD of 
0.8.  
One sample from the Belgravia pluton was dated. Twenty-six zircon from sample 
CG16-63 were analysed. Twenty-one of these zircon produced concordant 238U/206Pb and 
207Pb/206Pb ratios (Figure 4.14). Eight zircon produced a discordia intercept age of 289 + 3.1 
Ma with an MSWD of 1.8.  
One sample from the Red Hill pluton was dated. Fifteen zircon from sample CG17-357 
were analysed. All fifteen of these zircon produced concordant 238U/206Pb and 207Pb/206Pb ratios 
(Figure 4.14). Twelve of the youngest zircon produced a discordia intercept age of 308.9 + 3.1 
Ma with an MSWD of 1.5. 
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4.6.2 Re-Os Molybdenite Geochronology 
Previous Re-Os geochronology of molybdenite of the clinopyoxene-pyrrhotite skarn at 
Redcap has been reported by Lehrmann (2012). The reported ages of the clinopyroxene-
pyrrhotite skarn are 299 + 1 Ma and 295 + 1 Ma. The older molybdenite was sampled from a 
30-meter-thick pyroxene skarn interval containing chalcopyrite, whereas the older age was 
sampled from a 1-meter thick interval with no mineralization. The sample from the thicker 
skarn interval was redated in this study. Both sample sites are shown in Figure 4.4. 
Molybdenite from pyroxene-pyrrhotite skarn was re-dated to evaluate the age of the 
later skarn and determine its relative age compared to U-Pb ages of the district. Molybdenite 
mineralization within the Redcap thrust fault was not found during core logging or within the 
core assays. Molybdenite is only present within a lens of pyroxene pyrrhotite skarn 
approximately 100m up hole from the thrust contact. Although the sample is not located on the 
Redcap thrust fault, the mineralogy of the host skarn is identical to the pyroxene-pyrrhotite 
skarn seen throughout the Redcap system. Based on the documented paragenesis of garnet-
sphalerite skarn and the pyroxene-pyrrhotite skarn, we interpret the molybdenite to be coeval 
with pyroxene-pyrrhotite skarn elsewhere in the Redcap prospect. The sample contained 45.68 
+ 0.21 ppb 187Re and 236.5 + 0.2 ppb 187Os concentrations and returned a model age of 310.0 
+ 1.3 Ma. Additional details for this analysis can be found in Appendix 3.5. 
4.7 Discussion and Conclusions 
4.7.1 Magmatic and Structural Evolution of the Redcap Area 
Based on Re-Os and U-Pb geochronology, magmatism occurred at Redcap between ca 
317 to 285 Ma (Figure 4.15). The first recorded magmatism is the eruption of ca 317 dacite 
and rhyolite composition volcanic rocks, which coincided with 317.8 + 2.3 Ma rhyolite 
porphyry gold-copper mineralization at the Mungana deposit (Chapter 3). While the Red Dome 
and Mungana deposits are related to highly felsic magmas, the presence of dacite demonstrates 
that magmas in this time period were not solely restricted to highly evolved felsic magmas. 
It is unlikely that emplacement of the Ruddygore and Belgravia plutons affected the 
isotopic compositions of the molybdenite within Redcap due to the restricted marble halo 
surrounding these plutons (Figure 4.2). Based on the data presented in this study, thrusting 
occurred between 317 to 309 Ma and 310.0 + 1.3 pyroxene-pyrrhotite skarn formed along the 
Redcap thrust fault (Figure 4.15). The age of the garnet-sphalerite-magnetite skarn must be 
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older than the pyroxene-pyrrhotite skarn but younger than the ca 317 Ma volcanic rocks. The 
310 + 1.3 Ma Re-Os molybdenite age of the pyroxene-pyrrhotite skarn overlaps in age with the 
309 + 3 Ma Red Hill granite pluton (Figure 4.15) and of a 306.9 + 2.5 Ma deep granite body 
below the Mungana deposit (Chapter 3). The last recorded magmatism in the Redcap area is 
the intrusion of the Ruddygore and Belgravia plutons between 293 + 3 Ma and 285 + 4 Ma. 
The Re-Os molybdenite age for Redcap presented in this study is statistically older than 
both the ages reported by Lehrmann (2012). Based on new U-Pb data presented in this study, 
the Belgravia Granodiorite U-Pb zircon age of 297 + 2 Ma age from Lehrmann (2012) is too 
old due to inherited zircon in that study used determine the final crystallization age. The 290 + 
3 Ma age of the Belgravia pluton reported in this study does not overlap with any of the 
molybdenite ages produced by Lehrmann (2012). The 295 + 1 Ma Re-Os reported by Lehmann 
(2012) overlaps with the 292 + 2.9 Ma age of the Ruddygore-1 pluton. However, this pluton is 
more than 4km southeast of Redcap and the clinopyroxene compositions demonstrate that 
southeast to northwest fluid flow did not occur. In addition, due to the high degree of inherited 
zircon within the Ruddygore-1 sample, this age may be older than the true crystallization age. 
Based on the U-Pb, Re-Os geochronology and clinopyroxene compositions throughout Redcap 
we conclude that Redcap was not formed from magmatic fluids exsolved from the Belgravia, 
Ruddygore-1 or Ruddygore-2 plutons. The overlapping ages of the 310 Ma molybdenite at 
Redcap with magmatism deep below Mungana and at Red Hill demonstrate that magmatism 
elsewhere in the district occurred during the formation of Redcap, but these intrusions cannot 
be the source due to their distance from mineralization. The overlapping ages further suggest 
that the Re-Os molybdenite age presented in this study is valid, whereas the one of the two 
mineralization ages reported by Lehrmann (2012) do not overlap any known magmatism in the 
district.  
The young age of the deeply exposed plutons presents structural complications that 
were not recognized previous to this study. If the Belgravia and Ruddygore plutons were older 
than the Mungana and Red Dome porphyry related deposits and the Redcap thrust fault, their 
deep erosional level could be explained by uplift and subsequent erosion after their 
emplacement. If the Red Dome and Mungana deposits were emplaced relatively shallow as is 
characteristic of porphyry related ore deposits (Burnham, 1997), and thrust on top of similarly 
aged volcanic rocks, the current surface of the Chillagoe formation would have been near the 
paleosurface before the emplacement of the Ruddygore and Belgravia plutons. In order to 




Figure 4.15 Summary of geochronology at the Redcap prospect. 
 
would have likely required burial before the emplacement of the youngest plutons. No evidence 
in the Chillagoe District exists to suggest that sediments were deposited on top of the Chillagoe 
Formation after 310 Ma. Significant basins (e.g. Bowen Basin) formed at ca 305 Ma elsewhere 
in Queensland (Korsch et al., 2009; Korsch et al., 2012, Rosenbaum, 2018). If a basin formed 
over the Chillagoe formation at ca 305 Ma, it may have provided sufficient depth for the 
Ruddygore and Belgravia plutons to be emplaced at a shallower stratigraphic level than the 
Red Dome and Mungana porphyry intrusions. 
4.7.2 Zonation of Skarn and Vector to Source 
Before this study, the source of the Redcap skarn systems had not been identified. The 
Belgravia and Ruddygore plutons are potential sources for the Redcap skarns if fluids moved 
laterally. The prospectivity of the Redcap skarns depends on the amount of erosion that 
occurred post mineralization. Red Dome, the largest deposit in the Chillagoe district, is located 
at the top of the causative porphyry intrusion (Chapter 2). Therefore, if the Redcap prospect is 
related to one of the deeply exposed plutons, it is likely that most of the mineralization has 
eroded.  
Re-Os and U-Pb geochronology demonstrates that 1) mineralization of the 
clinopyroxene skarn overlaps in age with known intrusions of the district, and 2) mineralization 
is older than the Ruddygore and Belgravia plutons. The zonation of clinopyroxene 
compositions throughout Redcap provides additional evidence that mineralization was sourced 
from the southwest and not from the exposed granodiorite bodies. Diopside-rich clinopyroxene 
93 
 
in skarns replacing uniform carbonate rocks is typically proximal to their magmatic source, 
whereas hedenbergite and johannsenite -rich pyroxene skarns are distal (Meinert, 1997). At 
Redcap, the skarns are nearly perpendicular to the sedimentary strata, so it is unlikely that 
changes in lithology control the composition of the skarns. Based on the homogeneity of the 
Chillagoe Formation, it is likely that variations in clinopyroxene composition are a result of 
the evolution of the magmatic fluid as it migrated away from the source intrusion. 
If fluids originated from the Ruddygore or Belgravia plutons and moved laterally along 
the Redcap thrust fault, lateral zoning from diopside to hedenbergite or johannsenite would be 
expected. Rather, hedenbergite clinopyroxene is mostly hosted to the southeast and 
johannsenite is in the northwest and southeast portions of drilling. The northwest and southeast 
portion of drilling have intersected furthest distal clinopyoxene skarns whereas the proximal 
diopside-rich clinopyroxene skarns are located in the central and southwest portions of drilling. 
In addition, at the Morrison-Victoria and Queenslander sections, diopside content of the 
clinopyroxenes increases down-dip of mineralization. This suggests that fluids moved from the 
southwest to northeast upwards along the Redcap thrust fault and that the source remains at 
depth to the southwest. Furthermore, this suggests that the source of the skarns has not been 
eroded due to a lack of an exposed pluton at surface to the southwest.  
The Red Hill pluton overlaps in age with the Redcap skarns, is approximately 8km to 
the east, separated by numerous fault blocks, and is too far away to be the source of the Redcap 
skarns. Although Redcap and the Red Hill pluton are not directly related, the overlapping ages 
demonstrate that magmatism in the Chillagoe district did occur during the formation of the 
Redcap skarns and that a ca 310 Ma pluton remains undiscovered. Exploration at Redcap 
should focus on 1) defining the extent of the known base metal lodes, and 2) drilling below the 
deposit in search of a plutonic source for mineralization that may resemble proximal Cu-Au 
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CHAPTER 5 THE GEOLOGY AND  
GEOCHRONOLOGY OF THE KING VOL ZN-PB-CU-AG SKARN DEPOSIT 
 
Abstract  
 The King Vol Zn-Pb-Cu-Ag deposit is hosted by rocks of the Chillagoe Formation on 
the western edge of the Paleozoic Hodgkinson Province in the north-eastern Tasman fold 
belt. The Chillagoe mining district hosts numerous proximal Au-Cu porphyry-skarn systems 
and distal Zn-Pb-Ag+Cu skarn deposits.  
The King Vol deposit contains an indicated resource of 1.05 million tonnes (Mt) at 
14.7% Zn, 0.9% Cu, 0.7% Pb, and 36.5 g/t Ag, and an inferred resource of 1.94 Mt at 10.4% 
Zn, 0.7% Cu, 0.5% Pb, and 26.4 g/t Ag. Production of King Vol began in 2017. The orebody 
is composed of a 770 x 400 m semi-massive to massive sulfide body hosted along a near 
vertical sedimentary contact between Chillagoe Formation limestone and sandstone. No 
intrusions have been discovered in the deposit area, and extensive marble is restricted to the 
deepest parts of drilling below the deposit. 
Garnet-rich exoskarn (Ad100-13) with rare clinopyroxene (Hd70-20) formed earliest and 
is present along contacts between limestone and sandstone. Sphalerite, galena, chalcopyrite, 
lesser arsenopyrite, pyrite, and pyrrhotite postdate the early garnet skarn and are locally 
spatially and paragenetically associated with 287.9 + 17.4 Ma hornblende. The oxygen and 
carbon isotope compositions of limestone vary from 17.0 to 24.2 ‰ and 0.9 to 19.6 ‰, 
respectively. Values for marble are comparatively light and vary from 7.5 to 17.9 ‰ for δ18O 
and -4.1 to +1.4 ‰ for δ13C.  The isotopically lightest marble lies below the sulfide deposit, 
suggesting a magmatic source at depth. 
King Vol is the youngest zinc skarn so far discovered within the Chillagoe mining 
district. Its age overlaps with young granodiorite intrusions near the Redcap skarns, but does 
not overlap in age with the ca 322 Red Dome porphyry-skarn deposit or the ca 317 Ma 
Mungana porphyry deposit. Similar to the other zinc skarns of the district, King Vol is not 
directly related to known porphyry Cu-Au mineralization. The magmatic source for the zinc 





The Chillagoe mining district is composed of numerous skarn and porphyry deposits 
including those at the Red Dome, Mungana, and King Vol mines. The Red Dome and 
Mungana mines are located approximately 13 km west-northwest of the town of Chillagoe, 
Queensland (Figure 5.1). King Vol is located approximately 25 km northwest of Red Dome 
and Mungana (Figure 5.2). The district has intermittently produced lead, copper, silver, gold, 
and zinc since 1888 when skarn ores in skarn deposits were discovered on surface. Early 
production focused on shallow and oxidized massive sulfide bodies and yielded 31,328 t Pb, 
7,782 Mt Cu, and approximately 100 t Ag from 328,320 t of ore (Broadhurst, 1953). Major 
mine production began at Red Dome which produced 15 Mt of ore with an average grade of 
2.0 g/t Au, 0.5% Cu, and 15 g/t Ag between 1986 and 1996. At King Vol, about 2,000 metric 
tonnes of ore was recovered from 1922-1925. 
District soil sampling identified zinc anomalies at both Mungana and King Vol. 
Drilling at both identified tabular and steeply dipping Zn-Pb-Ag-Cu skarns and carbonate 
replacement deposits. To date, no attempt has been made to relate mineralization at King Vol 
to the other ore deposits of the Chillagoe mining district. The major ore deposits of the 
district are the Red Dome Au-Cu porphyry-skarn and the Mungana gold porphyry deposits 
and Mungana and Redcap Zn-Pb-Ag + Cu distal skarn deposits (Figure 5.2). This study 
presents the first geochronological data and descriptions of the stratigraphic controls on 
mineralization for the King Vol deposit. A cross section developed from re-logging of basalt, 
carbonate, skarn and sulfide bearing intersections from 21 drill holes demonstrates how 
garnet skarn, sulfide mineralisation, and white marble relate spatially. Hornblende, which is 
paragenetically related to sphalerite, was dated by the 40Ar/39Ar method to constrain the age 
of base metal mineralization. New C-O isotopes of calcite from limestone and marble show 
that isotopically light calcite is restricted to white marble, suggesting that hydrothermal fluids 
responsible for mineralization originated from below the current drilling depths of 900 
meters. 
5.2 Geologic Setting 
The King Vol deposit is hosted within the Silurian-Devonian Chillagoe Formation 
and represents the northeastern extent of the Chillagoe mining district (Fig. 5.2). The 
Chillagoe Formation forms a north- to northeast-trending belt of shallow marine sedimentary 




Figure 5.1 Distributions of major Formations and igneous provinces within the Hodgkinson 
Province. Adapted from Hendersen et al., (2013). Red square by King Vol is approximate 
location of Figure 5.2. 
 
Figure 5.2 Geologic map showing the locations of the King Vol, Mungana, Red Dome and 
Redcap deposits. Areas mapped for this study are shown in red boxes. The location of Figure 
5.3 is shown in the red outline at King Vol.  
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Chillagoe Formation are composed of fossiliferous limestone, chert, sandstone, 
conglomerate, and conformable submarine basalt (Fig. 2; Fordham, 1990; Vos et al., 2006a). 
These rocks are fault bounded to the east by greywacke, conglomerate, mudstone, chert, and 
minor limestone of the Late Silurian to Late Devonian Hodgkinson Formation. To the west, 
the Chillagoe Formation is bounded by the Palmerville fault, which is a suture zone between 
sedimentary rocks of the Hodkinson Province and schistose to gneissic rocks of the 
Precambrian North Australian Craton. The Palmerville Fault is interpreted to be eastward 
dipping (Korsch, et al., 2012) and formed during early to middle Paleozoic extension of 
Proterozoic Australia. Afterwards, the Palmerville fault was re-activated during Late 
Paleozoic thrusting of the Hodgkinson Province toward the North Australian Craton (Vos et 
al., 2006b). The King Vol deposit is hosted within interlayered limestone and sandstone. The 
limestone is interbedded with conformable basalt (Figures 5.3 and 5.4). The carbonate rocks 
of the King Vol area are bounded by sandstone and chert. 
Exploration within the Chillagoe mining district has focused on Au-Cu porphyries, 
their related proximal Au-Cu-Ag skarn deposits, distal base metal-rich (Zn-Pb-Cu-Ag) skarn, 
and carbonate replacement deposits. Late Carboniferous to early Permian intrusions ranging 
from thin rhyolite plugs to deeply exposed granodiorite plutons cut the Chillagoe Formation 
in the vicinity of the Mungana and Red Dome deposits. To date, no intrusions have been 
identified on surface or in the subsurface in the immediate vicinity of King Vol. The closest 
known intrusion to King Vol is the Wotan granodiorite pluton which is located 6 km to the 
east. Siliciclastic rocks of the Hodgskinson and Chillagoe Formations separate King Vol from 
the Wotan granodiorite.  
5.3 Exoskarn 
Prograde garnet (Ad100-13) with rare clinopyroxene (Hd70-20) exoskarn, which is less 
than 10 m thick, has replaced limestone and marble along the numerous steeply dipping 
contacts between sandstone, basalt, and chert (Figures 5.4 and 5.5). Although most studied 
skarns were devoid of clinopyroxene, rare isolated clinopyroxene grains were observed in a 
single thin section as inclusions within garnet. Marble development is weak above a depth of 
850 meters and typically extends less than one meter beyond the skarn-marble contact. Below 





Figure 5.3 Bedrock geologic map of the King Vol deposit. Basalt is interbedded within 
limestone but does not outcrop due to preferential weathering. Basalt stratigraphy along section 
is shown in Figure 5.4. The location of this map is shown in Figure 5.2.  
 
Fine grained ferro-actinolite to hornblende (sensu stricto), sulfides, quartz, and calcite 
are present in veins or as replacements of the early garnet exoskarn (Figures 5.6 and 5.7). 
Garnet was not observed to postdate sulfides, quartz, calcite, or amphibole. Based on electron 
microprobe analyses of two thin sections containing amphibole, potassium concentrations of 
amphibole at King Vol vary from 0.1 to 0.65 wt. % K2O. High potassium contents (> 0.3 wt. 
% K2O) are essentially restricted to hornblende composition grains. Potassium contents less 
than 0.3 wt. % K2O are restricted to ferro-actinolite and lesser aluminous hornblende 
(Appendix 4.4).  
5.4 Mineralization and Paragenesis 
The King Vol orebody is a 770 x 400 m, tabular, semi-massive to massive sphalerite, 
chalcopyrite, galena, arsenopyrite, pyrrhotite, and pyrite body present along the northeast 
carbonate contact with sandstone (Figure 5.3). Approximately 400 m below surface, the 
sulfide body bifurcates upwards into the limestone. Replacement of carbonate by sulfide, 
without calc-silicate, predominates in the orebody along the northeastern contact of limestone 




Figure 5.4 Cross section of the King Vol deposit. Section location can be found on Figure 5.2. 




between a 25 m to 100 m thick sandstone layer bounded by limestone. These skarns are 
present from 50 m depth to below current drilling depths of 900 m. Garnet skarn is also 
present 75 m below the ore body along the northeastern contact of the marble with sandstone. 
Sphalerite and galena are variably present with garnet at 250m depth and are not present with 
garnet skarn at deeper intervals.  
Paragenesis of the King Vol deposit is summarized in Figure 5.8. Where sulfide 
minerals are present with garnet, the sulfides always cut earlier garnet skarn. Rarely 
amphibole is coeval with sphalerite, quartz, and calcite (e.g. Figure 5.6). A cross-cutting 
relationship between the King Vol orebody on the northeast carbonate contact with the garnet 
skarns has not been observed. The paragenetic relationship between calc-silicates and sulfide 
has only been observed at 250 m depth (e.g., Figure 5.6 and the sample locations shown on 
Figure 5.4). Elsewhere sulfide was not observed with garnet skarn. 
 
 
Figure 5.5 Compositions of garnet and clinopyroxene at King Vol. Data can be found in 
Appendices 4.2 and 4.3. 
 
Figure 5.6 Photomicrographs of KVD73-379m (left) and KVD72-419m (right) dated by 








Figure 5.7 Compositions of amphibole from the King Vol deposit determined by electron 
microprobe analysis. Black circles are from sample KVD72 416m. Orange squares are from 
sample KVD73 379m. Data can be found in Appendix 4.4. 
 
 
Figure 5.8 Paragenesis of the King Vol deposit. 
 
5.5 Structure 
Mineralization is hosted solely along stratigraphic contacts in King Vol. A thin fault 
cuts the orebody. This fault plane does not contain sulfide or calc-silicate minerals and 
postdates mineralization (Figure 5.4). To the southwest of King Vol, an approximately 80-m-
wide fault zone separates limestone from chert. This fault strikes northwest, is steeply 
dipping, and its age is unknown.  
Folds in the King Vol area are rare. Sub-meter wavelength folds have been identified 
on the surface. No larger scale folds have been identified. A single fold with a wavelength of 
0.2 m within chert west-northwest of the deposit has an axial fold plane in a similar strike to 
bedding (Figure 5.3). 
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5.6 C-O Isotopes of Calcite 
Carbon and oxygen isotopes from the deepest drill hole along section (KVD67; 
Figures 5.9 and 5.10) were measured to evaluate the isotopic compositions of grey limestone, 
white limestone, grey marble, and white marble. Calcite in skarn was not successfully 
separated due to insufficient grain size and abundance. A summary of results is shown in 
Figure 5.11 and Appendix 4.5. Multiple analyses of grey and white marbles from samples 
KVD67 647m, KVD67 628m, and KVD67 708m were analysed to evaluate variability of 
calcite within one sample. The largest variability for carbon was in sample KVD674m which 
produced a difference of 2.47 ‰. The largest variability for oxygen was also in sample 
KVD674 which produced a difference of 3.0 ‰. The other repeat samples had oxygen 
variations less than 0.6 ‰ and carbon less than 0.2 ‰. 
Grey and white limestone are both isotopically heavy (δ18O=17.0 to 24.2 ‰; δ13C=0.9 
to 19.6 ‰). Grey marble is isotopically lighter than the limestones (δ18O=1.5 to 20.1‰; δ13C 
-0.7 to +1.7 ‰) with some overlap. A white calcite vein cutting grey marble has a δ18O 
composition of 17.0 ‰ and a δ13C of -0.5 ‰, which is slightly isotopically lighter than the 
grey limestone from the sample but overlaps with the grey marble compositions. White 
marble at 900 m depth (Figure 5.3) has values of δ18O of 7.5 to 17.9 ‰ and δ13C of -4.1 to 
+1.4 ‰, which overlap with grey marble and some of the limestone compositions. 
5.7 40Ar/39Ar Amphibole Geochronology 
Argon data for the two amphibole samples that overprint the garnet skarn samples are 
included in Figure 5.9 and Appendix 4.6. Sample KVD73-379m produced a plateau age of 
287.2 + 17.4 Ma from three fractions with a MSWD of 1.69. This plateau included 61.2% of 
39Ar released and produced Ca/K ratios between approximately 2.5 and 7. The lower 
temperature fractions produced younger ages with higher errors and are interpreted to be 
produced from partially reset rims of the amphibole grains.  
Sample KVD72-419m did not produce a plateau. An age of 264.9 + 28.8 Ma was 
produced from four fractions with a MSWD of 0.1. This age included 53.5% of the 39Ar 
released and produced Ca/K ratios between 60 and 200. The lower temperature fractions were 
not used as they were statistically younger than selected fractions or had very high error. The 
high error in the age produced from KVD72-419m is due to low potassium concentrations as 
evidenced by high Ca/K ratios from the mass spectrometer data. The relative lack of 












Figure 5.11 Carbon and oxygen isotopes of calcite from carbonate rocks at King Vol. Blue 
circles are grey limestone; orange circles are white limestone; grey circles are grey marble; 
purple circles are white marble. Data can be found in Appendix 4.5.  
 
 
Figure 5.12 40Ar/39Ar results from samples KVD73-379m (left) and KVD72-416m (right). 




corroborated by atomic Ca/K ratios from electron microprobe compositions (Figure 5.10). 
Amphibole grains from sample KVD72-419m contained ferro-actinolite to hornblende with 
lower K2O concentrations. In comparison, amphibole within sample KVD73-379m is almost 
completely hornblende in composition and contains more Al2O3 and K2O.  
The K2O concentration in amphibole at King Vol has a negative correlation with 
silicon ions per unit formula and a positive correlation with ions per unit formula in both the 
iv and vi sites. This is likely due to the aluminium ion having a larger ionic radius (53.5 Å 
versus 40 Å), which increases the lattice spacing.  This provides more room for the large 
potassium ion which has an ionic radius of 138 Å. Previous experimental work by Konzett et 
al. (1997) demonstrated a strong correlation between K, Al-IV and Al-VI for K-rich 
amphiboles over a wide range of pressures. Potassium appears to become more stable with 
the expansion of the unit cell due to aluminium substitution. Although the variation of 
potassium concentrations could be caused by two distinct fluids with different concentrations 
of potassium, no alteration of amphibole or multiple generations of amphibole were observed 
in thin section or during back scatter electron imaging.  Therefore, it is unlikely that two 
separate fluids are the cause for the variation of potassium within the dated amphibole 
crystals.  
 
Figure 5.13 Silicon ions per unit formula versus atomic Ca/K (top left), Si ions per unit formula 
versus K2O concentration of amphibole (top right), Al-iv ions per unit formula versus K2O 
concentration (bottom left), and Al-vi ions per unit formula versus K2O concentration (bottom 
right). Black circles are from sample KVD72 416m and orange triangles are from sample 
KVD73 379m. High potassium amphibole are restricted to hornblende. K2O concentration 
correlates to both the iv and vi sites. Data can be found in Appendix 4.4. 
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5.8 Discussion and Conclusions 
5.8.1 Calc-silicate Mineral Variations 
Aluminium concentrations for both garnet and amphibole are elevated compared to 
pure andradite and actinolite which are common calcsilicate minerals in Zn exoskarns 
(Meinert et al., 2005). Typically, garnet and amphibole in distal sphalerite-galena exoskarns 
are andradite-rich due to the immobility of aluminium. Amphibole within distal skarns are 
commonly deficient in aluminium (e.g. Myers, 1994) with some exceptions (e.g. Newberry et 
al., 2007). Limestones at King Vol are essentially pure CaCO3 (Appendix 4.1) so a local 
phyllosilicate or clay source for aluminium is unlikely. Aluminium is mobile within 
hydrothermal fluids in the presence of HF- (Tagirov and Schott, 2001). Elevated fluorine in 
amphibole at King Vol suggests that HF- was present in the mineralizing fluid and is 
responsible for stability of aluminium in garnet and amphibole.  
5.8.2 C-O Isotopes and Cu-Au Prospectivity at Depth 
Isotopically light carbon (δ13C > -4.1 ‰) and oxygen (δ18O > 7.5 ‰) from some of 
the white marble located 100 m below the deepest sulfide mineralization indicates that some 
of the white marble formed during interaction with isotopically light magmatic fluids. Much 
of the white marble has heavier isotopic compositions which overlap with unaltered 
limestone. This suggests that much of the marble formed by direct recrystallization and did 
not interact with magmatic fluids. This is similar to white marbles surrounding the Red Dome 
and Mungana porphyry systems which also exhibit light isotopic compositions immediately 
adjacent to the causative intrusions and heavier compositions approximately 20 m away. 
Based on the restriction of abundant white marble in the deepest drill hole and the 
isotopically lightest marbles near the marble-sandstone contact below the King Vol deposit, 
the hydrothermal source of King Vol is below the current drilling depth of 950m. 
The lack of abundant white marble at King Vol differs from the Red Dome and 
Mungana deposits in the Chillagoe District. The gold resources at both Red Dome and 
Mungana are proximal porphyry-skarn resources with complete conversion of limestone to 
marble in the surrounding carbonate rocks. The comparative lack of marble and abundance of 
carbonate replacement without calcsilicate at King Vol suggests that the deposit is distal from 




5.8.3 Age of the King Vol Deposit 
Ferro-actinolite and hornblende (sensu stricto) at King Vol are the most easily datable 
hydrothermal mineral phases. Although the dated grains are not within the orebody, they 
formed at the same elevation along the adjacent sedimentary horizon, and represent a mineral 
recognized to be coeval with sphalerite deposition in the base metal ore.  
The two ages for samples KVD73-379m and KVD72-419m overlap. Due to the low 
concentrations of potassium in KVD72-419m and its high error, we consider its age to be less 
reliable. Therefore, our preferred age for ore formation at King Vol is taken as the 287.2 + 
17.4 Ma date from sample KVD73-379m.  
The age of 287. + 17.4 Ma for King Vol overlaps with the youngest intrusions of the 
Chillagoe District including the 285 + 4 Ma and 293 + 3 Ma Ruddygore plutons and the 290 
+ 3 Ma Belgravia pluton near the Redcap skarn deposits (Chapter 4). The Belgravia and 
Ruddygore plutons are more than 20 km to the southeast and cannot be directly related to 
mineralization at King Vol. Regardless, the overlapping ages demonstrate that zinc 
mineralization at King Vol overlaps with early Permian granodiorite plutons within the 
Chillagoe district. This new data extends the latest known ages of mineralization of the 
district and is clearly younger than the ca 322 Ma Red Dome and ca 317 Ma Mungana 
deposits. 
King Vol is the youngest zinc skarn known within the Chillagoe district. Similar to 
the other zinc skarns of Chillagoe, the source intrusions have not been discovered and remain 
below drilling depths. At the King Vol, Redcap and Mungana zinc skarns, garnet exoskarn 
and marble increases in size below zinc mineralization. Zinc skarns are commonly distal from 
barren intrusions (e.g. Meinert, 1987; Megaw et al., 1988). Some of the largest zinc skarns 
are located proximal and within their source intrusions, such as the Antamina skarn in Peru 
(Love et al., 2004). Although the source intrusions for the zinc skarns in the Chillagoe district 
remain unexplored, their ages do not directly overlap with the ca 322 Ma Red Dome and ca 
317 Ma Mungana deposits. While it is possible that the zinc skarns at King Vol, Mungana 
and Redcap are distal base metal expressions of a fertile porphyry system, no evidence is 
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CHAPTER 6 CONCLUSIONS: LATE CARBONIFEROUS TO  
EARLY PERMIAN EVOLUTION OF THE CHILLAGOE MINING DISTRICT  
 
This study reevaluates the timing and controls on ore deposit formation for the 
porphyry and skarn deposits in the Chillagoe mining district. Perkins and Kennedy (1998) 
presented the first geochronological data for the district but only focused on the Mungana and 
Red Dome deposits. Subsequent geochronological studies attempted to re-date mineralization 
at Red Dome and Mungana, provide new age constraints on mineralization at Redcap 
(Lehrmann, 2012) and intrusions that are spatially associated with these deposits (Lehrmann, 
2012; Murgulov et al., 2012). None of these studies provided the geologic context necessary 
to accurately date the ore bodies in question or the related intrusive rocks. Therefore, these 
previous studies failed to demonstrate that the reported ages represent the ages of 
mineralization at the Red Dome, Mungana or Redcap deposits. Furthermore, the lack of skarn 
zonation mapping within these deposits, and the lack of information regarding how the skarns 
relate spatially to the nearby intrusions prohibit the intrusive ages, the mineralization ages 
and ore deposits from being genetically related to one another. 
New work presented here provides the first detailed geologic map of the Chillagoe 
district with detailed cross sections of the deposits showing skarn zonation in relation to the 
intrusions and their geochronological data. In addition, this study reports the first details of 
geochronology, geology and alteration at the King Vol deposit (Figures 6.1 and 6.2). While 
the previous chapters of this study described the geology, geochronology, and alteration of 
deposit formation at the deposit scale, this concluding chapter summarizes the district timing 
of magmatism and mineralization. 
6.1 Timing of Magmatism, Mineralization and the Redcap Thrust Fault 
The new geochronological compilation for the Chillagoe district from this study can 
be found in Figure 6.6 along with the previous compilation by Lehrmann (2012). It 
demonstrates that periods of mineralization for individual deposits are confined to short 
intervals, whereas previous workers suggested periods of mineralization occurring up to ~12 
Myr for a single deposit (e.g., Red Dome; Lehrmann, 2012). In addition, the new compilation 
demonstrates ca 290 Ma magmatism linked with base metal mineralization at King Vol. This 




Figure 6.1 Distribution of the major Formations within the western portion of the Hodgkinson 
Province. Adapted from Henderson, et al. (2013). 
 
Figure 6.2 Geologic map showing the locations of the King Vol, Mungana, Red Dome and 
Redcap deposits. Areas mapped for this study are shown in red boxes. 
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identified by previous workers. Based on the preceding chapters, U-Pb, Re-Os and 40Ar/39Ar 
geochronology has demonstrated 45 Myr of periodic magmatism that caused skarn and 
porphyry mineralization in the Chillagoe district. Four main periods of magmatism are 
hypothesized to have occurred: ca 335 Ma, 322-315 Ma, ca 310 Ma and ca 290 Ma. The 
tectonic and magmatic evolution of the Chillagoe district is described below and is illustrated 
in Figures 6.7 and 6.8. 
6.1.1 Silurian to Late Devonian 
The Chillagoe and Hodgkinson Formations have previously been recognized as 
forearc facies (Arnold and Fawckner, 1980; Henderson, 1980; Henderson, 1987; Henderson 
et al., 2009). The Hodgkinson Province is interpreted to be an accretionary wedge while the 
Chillagoe Formation represents the shallow marine carbonate facies adjacent to the paleo 
seashore. The Hodgkinson Province remained a stable offshore facies until the Late 
Devonian.  
6.1.2 Late Devonian Tabberabberan Deformation 
Tabberabberan deformation in the Late Devonian along many overlapping thrust 
sheets is interpreted to be responsible for inversion and rotation of the Chillagoe formation 
(Withnall and Henderson, 2012; Korsch et al., 2012) and resulted in structural preparation of 
the Chillagoe Formation for subsequent magmatism and skarn formation. In the Chillagoe 
district, the overlapping thrustsheets are interpreted to be the parallel northwest striking fault 
sets. These northeast striking faults are likely formed to allow for rotation and lateral 
movement of various fault blocks during contraction.  
6.1.3 ca 335 Ma Magmatism and Deposit Formation 
Following deformation of the Hodgkinson Formation, the earliest potential 
magmatism in the Chillagoe district is recorded by 334.8 + 3.3 Ma molybdenite in the 
Mungana Pb-Zn-Ag-Cu deposit. No intrusions in the district have an overlapping age with 
this molybdenite, suggesting this age may be unreliable. Furthermore, clasts of the sphalerite 
and galena mineralization are present adjacent to and within the ca 317 Ma rhyolite porphyry 
intrusion, demonstrating that post mineralization deformation and brecciation have occurred. 




6.1.4 ca 322 to 315 Ma Magmatism and Deposit Formation  
Porphyry and skarn deposit formation at Red Dome and porphyry gold deposit 
formation at Mungana followed from 322-315 Ma along with eruption of the Redcap rhyolite 
to dacite compositions volcanic rocks. The porphyry stocks formed along the NW and NE 
trending Tabberabberan faults.  
6.1.5 ca 312 Ma Contraction 
The Chillagoe Formation was thrust northeastward and on top of the Redcap volcanic 
rocks and before the formation of the Redcap skarns. This contraction must have occurred 
after the occurrence of 313.9 + 3.2 Ma rhyolite and before the formation of the 310.0 + 1.3 
Ma Redcap skarn, which formed along the thrust contact (Chapter 4). Although the Chillagoe 
Formation and the older porphyry deposits were thrust on top of the coeval volcanic rocks, 
the porphyry deposits were not eroded suggesting that they did not form close to the ca 320 
Ma paleo-surface.  
6.1.6 ca 310 Ma Magmatism and Deposit Formation 
Clinopyroxene-pyrrhotite skarns at Redcap formed ca 310 Ma and are related to an 
undiscovered intrusion at depth to the southwest of the Redcap volcanic rocks (Chapter 4). 
This magmatism is coeval with formation of the Red Hill granite pluton, the associated 
garnet-magnetite skarns and a barren granite intrusion at depth below the Mungana deposit. If 
the mafic enclaves in the Red Hill pluton are the juvenile source for the granite, it would 
suggest that I type magmas were present. This period marks the end of prolonged magmatism 
in Chillagoe before a period of quiescence due to a shift from convergent to extensional 
tectonics which resulted in the formation of the Bowen, Gunnedah and Sydney basins in 
southern Queensland and New South Wales starting at ~305 Ma (Korsch et al., 2009; Korsch 
et al., 2012; Rosenbaum, 2018).  
6.1.7 ca 290 Ma Magmatism and Deposit Formation 
The record suggests magmatism in Chillagoe resumed ca 290 Ma with the intrusion of 
the Belgravia pluton, the Ruddygore plutons and the formation of the King Vol Zn-Pb-Cu-Ag 
skarn deposit located 25km northwest of the Red Dome and Mungana Mines (Figure 6.1). 
The presence of mafic enclaves within the Ruddygore and Belgravia plutons suggests that 
mafic rocks comprise part of the crust underneath the Chillagoe Formation. Although no 
normal faults have been identified in the Chillagoe district, it is possible that this portion of 
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the Chillagoe formation was covered during extension after 305 Ma and before the intrusion 
of the ca 290 granodiorite plutons. Since the Belgravia and Ruddygore plutons cut the 
Redcap volcanic rocks and are deeply exposed, burial of the Chillagoe formation would allow 
for intrusion of the plutons and subsequent erosion without eroding the older porphyry 
deposits and volcanic rocks. This is the youngest age of magmatism recorded in the Chillagoe 
district.  
 
Figure 6.3 CIPW normative mineralogy plot with data of intrusive rock analyses excluding 
mafic enclaves. The granodiorite composition sample from Red Hill is a mixture of granite and 
mafic enclaves. Classification diagram is from Streckeisen and LeMaitre (1979). 
 
Figure 6.4 Redcap volcanic rock (teal circles), Belgravia pluton mafic enclave (+) and 
Ruddygore mafic enclave (x) compositions shown on total alkalis versus silica igneous rock 




Figure 6.5 SiO2 weight percent versus Fe2O3/(Fe2O3+FeO) comparing Chillagoe intrusive 
rocks to causative intrusions for skarn deposits and their associated metals. White squares are 
causative intrusions for skarns compiled by Meinert (1995). Chillagoe data from Chapters 2-4. 
Intrusions responsible for Cu-Au mineraliation in Chillagoe are more felsic than typical 
intrusions related to Cu-Au skarn deposits. 
 
 
Figure 6.6 Summary of geochronology for the Chillagoe district from this study (left) and 
previous studies (right). Geochronology from previous studies are from Lehrmann (2012), 
Murgulov et al. (2012), and Perkins and Kennedy (1998). Blue circles are U-Pb zircon 
analyses, black squares are Re-Os molybdenite analyses and the black diamonds are 40Ar/39Ar 
hornblende analysis. Perkins and Kennedy did not report an error for the Mungana 40Ar/39Ar 






Figure 6.7 Schematic sections of the structural and magmatic evolution of the Chillagoe 
Formation in the Chillagoe mining district from the Silurian to Pennsylvanian. Red dashed 
faults in first section are interpreted orientation of faults activated during Tabberabberan 
deformation, which rotated the Chillagoe formation counterclockwise to the orientation shown 
in second section. The ca 335 Ma age for Mungana Zn-Pb-Ag-Cu is in question due to the ore 




Figure 6.8: Schematic sections of the structural and magmatic evolution of the Chillagoe 






6.2 General Conclusions 
This study has demonstrated the importance of detailed cross sections, geologic 
mapping and skarn zonation to employing geochronological data to genetically link 
intrusions to skarn deposits. For example, Lehrmann (2012) reported a 315 + 1 Ma Re-Os 
molybdenite age in clinopyroxene skarn for the Red Dome deposit and suggested this skarn 
formed from the Red Dome rhyolite porphyry. Lehrmann (2012) did not employ a geologic 
cross section to show where this skarn was located in relation to the rhyolite porphyry 
intrusion. My new data include the required sections and demonstrated that the 315 Ma 
clinopyroxene skarn is in no way connected to the Red Dome intrusion or the Au-Cu resource 
that was mined. The interpretation by Lehrmann (2012) was incorrect due to the lack of 
geologic context. Molybdenite hosted within the skarn that was mined overlaps in age with 
the adjacent ca 322 Ma rhyolite porphyry intrusion. This example from Red Dome 
demonstrates that skarn zonation must be mapped and detailed geologic cross sections must 
be constructed to establish which intrusions are causative. With the new understanding of the 
geologic evolution of the Chillagoe mining district, my conclusions are:  
• The largest deposit of the district, Red Dome, resembles a typical chlorite altered 
garnet skarn hosted at the top of its causative intrusion. Based on the presence of a 
coexisting vapor rich and hypersaline fluid inclusion plane and abundant endoskarn in 
the top of the rhyolite porphyry intrusion, the Red Dome skarn breccia formed by 
hydrofracturing of the overlying carbonate rocks during exsolution of a boiling 
magmatic fluid. No evidence for a karst collapse origin of the breccia was found as 
suggested by previous workers. Exploring for another Red Dome deposit should focus 
on hydrothermal systems where the tops of the rhyolite plugs have not been eroded. 
• The Mungana gold porphyry deposit hosts gold and arsenopyrite within the latest 
phase of quartz stockwork. The presence of abundant arsenopyrite and trace 
loellingite contrast with the andradite and magnetite contained within the Red Dome 
deposit. Although both Mungana and Red Dome formed from rhyolite porphyry 
intrusions, the mineralizing fluids of the two deposits have contrasting oxidation and 
sulfidation states. A difference in reducing potential of the Chillagoe Formation 
limestone or other strata was not identified between the Red Dome and Mungana 
deposit areas, suggesting heterogeneity in the mineralizing fluids that formed the 
Chillagoe mining district deposits. 
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• The ages for the Red Dome and Mungana Au + Cu deposits have been constrained to 
ca 322 and ca 317 Ma, respectively, whereas Lehrmann (2012) suggested Red Dome 
formed between ca 322 and 315 Ma and Mungana between ca 324 Ma and ca 307 Ma 
(Perkins and Kennedy, 1998; Figure 6.6). The restricted ages for mineralization at 
both deposits makes sense – these deposits formed during the final stages of fluid 
exsolution, so their timeframe is restricted. The widespread ages reported by 
Lehrmann (2012) and references therein are not correct.  
• The magmatic sources for the Zn-Pb-Ag skarns are not outcropping and remain below 
current drilling depths. Zinc mineralization has been dated at ca 335, 310 and 290 Ma. 
The ca 335 Ma age for Zn-Pb-Ag mineralization at Mungana is the only one that does 
not overlap with known magmatism within the district. Based on clasts of this ore 
body located adjacent to and within the ca 317 Ma rhyolite porphyry intrusion, 
deformation of the Zn-Pb-Ag skarn occurred after the formation of the Mungana Au 
porphyry deposit. The age of this deformation is unknown. Knowing that the 
Mungana Zn-Pb-Ag skarn was deformed after ca 317 Ma and the lack of known 335 
Ma magmatism in the district, the original mineralization age may be unreliable. The 
ages for zinc mineralization at ca 310 and 290 Ma overlap with known magmatism, 
but do not overlap with the Red Dome or Mungana porphyry Au + Cu deposits. 
Therefore, the known Zn-Pb-Ag deposits are not directly related to known porphyry 
style mineralization. 
• Exploration potential remains below the currently defined Zn-Pb-Ag deposits. Zinc 
and lead concentrations are low at the deepest portion of drilling, however this should 
not dissuade deeper exploration. Zinc and lead are soluble within hydrothermal fluids 
as chloride complexes and do not typically precipitate close to the magmatic source. 
Copper and gold skarns are typically closer to the causative intrusion, so the proximal 
skarns downdip of the Zn-Pb-Ag lodes should be drilled. Whereas many Zn-Pb-Ag 
skarn districts are related to barren intrusions (e.g. northern Mexico and southern New 
Mexico; Meinert, 1987; Megaw et al., 1988), the relatively close age of Red Dome 
and Mungana to the Zn-Pb-Ag lode at Redcap and potentially Mungana suggest the 
defined base metal lodes are the most distal expressions of porphyry style 
mineralization. There may have been Zn-Pb-Ag lodes related to the rhyolite porphyry 
intrusions at Red Dome and Mungana before erosional processes removed them from 
the stratigraphic record. Megaw et al. (1988) noted that Zn-Pb-Ag districts lacking 
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known source intrusions “may not have been traced to their ends”; the Chillagoe 
district is one of these regions where the sources remain unexplored.   
• The rhyolite porphyry intrusions responsible for Au and Cu porphyry mineralization 
at Red Dome and Mungana are unusually evolved and reduced (Figures 6.3 and 6.5). 
Typically, intrusions responsible for Cu + Au skarns are intermediate in composition 
and oxidized (Figure 6.5). Causative intrusions for Au rich skarns are typically 
intermediate and reduced. The rhyolite porphyry intrusions at Red Dome and 
Mungana are highly evolved and reduced, which are typically sources for Sn and W 
skarns. Hafnium isotopes reported by Lehrmann (2012) demonstrate that the 
intrusions of the Chillagoe district formed from melting of crustal basement with no 
evidence of juvenile input. The unusually evolved and reduced nature of the causative 
rhyolite porphyry intrusions suggest that 1) the basement below the Chillagoe 
Formation contains sufficient Zn, Pb, Ag, Cu and Au to source the magmas 
responsible for base and precious ore deposits and 2) whereas most Cu skarns are 
related to intermediate and oxidized I-type intrusions related to subduction settings 
(Meinert et al., 2005), the sources for Chillagoe Cu and Au are sourced from melting 
of continental crust. The petrogenesis of these granitic rocks agree with previous 
studies of late Carboniferous to early Permian intrusion in northeast Queensland 
(Champion and Bultitude, 2013a,b). The presence of Cu-Au skarns formed from 
reworking of continental crust is likely geographically limited to areas where the 
crustal source is abnormally rich in base and precious metal content. 
• Lastly, detailed geologic mapping and cross section creation are vital components to 
defining genetic relationships between skarns and their causative intrusions. Without 
geologic context, geochronology can be misleading and lead to false interpretations. 
6.3 Recommendations for Future Research 
Questions remain to be answered in the Chillagoe mining district. My 
recommendations for further research are as follows:  
• Most importantly, if drilling commences below the known Zn-Pb-Ag sources and 
intrusions are discovered, radiometric dating and skarn zonation mapping must occur 
to understand their genetic relationship. What are the geochemical affinities of the 
intrusions that sourced the distal skarns? Are they barren or mineralized? How do 
they relate to the Mungana and Red Dome rhyolite porphyry intrusions? 
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• A structural study at Mungana should be conducted to evaluate deformation of the 
base metal resource and how it relates to the kinematics of the redcap thrust fault. If 
the movement on these structures are similar, they may be related.  
• Regional mapping and geochronology of the large plutons should be conducted in 
detail to evaluate how the large batholiths of the Kennedy Igneous Association relate 
temporally and stratigraphically to the Chillagoe mining district. Is the concentration 
of deposits within Chillagoe due to the overlap of Permian-Carboniferous intrusions 
and the relatively shallow erosional level? Are porphyry deposits unlikely to be found 
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Appendix 1.1: Whole Rock Geochemistry
Wgt SiO2 Al2O3 Fe2O3 FeO MgO CaO Na2O K2O
KG % % % % % % % %
0.01 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01
Sample Name Rock Type WGHT LF200 LF200 LF200 GC806 LF200 LF200 LF200 LF200
936 634 Rhyolite Porphyry 0.11 75.22 12.54 0.15 0.54 0.01 2.04 3.19 5.68
983 858A Rhyolite Porphyry 0.13 74.92 12.39 0.27 0.81 0.01 1.33 2.98 5.52
983 858B Rhyolite Porphyry 0.15 75.89 12.26 0.3 0.62 0.03 1.16 2.92 5.32
995 609A Aphanitic Rhyolite 0.13 74.91 12.47 0.39 1.33 0.09 1.14 3.56 4.54
995 609B Aphanitic Rhyolite 0.11 75.2 12.57 0.5 1.37 0.1 0.96 3.66 4.38
MQ148 165.2 Basalt 0.19 46.69 16.23 2.26 9.67 5.44 11.23 2.86 0.76
984 776.7 Marble 0.04 0.47 <0.01 0.14 N.A. 0.43 54.85 <0.01 <0.01
984 782 Marble 0.06 0.24 <0.01 0.18 N.A. 0.39 55.19 <0.01 <0.01
984 802.9 Marble 0.08 0.26 <0.01 0.1 N.A. 0.87 54.49 <0.01 <0.01
937 781 Chert 0.21 87.4 4.71 2.13 N.A. 0.89 1.04 0.62 1.5
937 798.4 Chert 0.09 88.59 4.28 1.19 N.A. 0.41 1.38 0.31 1.82
937 826.3 Chert 0.14 64.13 15.81 2.84 N.A. 2.5 1.42 1.95 7.66
937 828 Chert 0.1 63.96 15.58 3.05 N.A. 2.49 2.04 3.09 5.87
Duplicates
983 858B Rhyolite Porphyry 0.15 75.89 12.26 0.92 0.62 0.03 1.16 2.92 5.32
TiO2 P2O5 MnO Cr2O3 LOI TOT/C TOT/S Sum Fe2O3/FeO Ba Sc
% % % % % % % % PPM PPM
0.01 0.01 0.01 0.002 -5.11 0.01 0.01 0.01 1 1
Sample Name LF200 LF200 LF200 LF200 TG001 TC000 TC000 LF200 LF200 LF200
936 634 0.06 <0.01 0.02 <0.002 0.4 0.02 <0.01 99.96 0.3 758 3
983 858A 0.05 <0.01 0.02 <0.002 1.6 0.2 0.01 99.96 0.3 460 2
983 858B 0.05 <0.01 0.01 <0.002 1.4 0.16 0.01 99.96 0.5 446 1
995 609A 0.09 0.01 0.04 <0.002 1.3 0.16 <0.01 99.92 0.3 921 3
995 609B 0.09 0.01 0.04 <0.002 0.9 0.13 0.02 99.91 0.4 956 3
MQ148 165.2 2.38 0.24 0.13 0.004 1.8 0.04 0.01 99.74 0.2 130 29
984 776.7 <0.01 <0.01 <0.01 <0.002 44 12.41 0.01 99.93 5 <1
984 782 <0.01 <0.01 <0.01 <0.002 43.9 12.31 <0.01 99.95 6 <1
984 802.9 <0.01 <0.01 <0.01 <0.002 44.2 12.4 <0.01 99.94 7 <1
937 781 0.21 0.04 0.02 0.005 1.3 0.17 0.06 99.95 848 5
937 798.4 0.2 0.07 0.01 0.004 1.6 0.24 0.04 99.92 470 4
937 826.3 0.69 0.13 0.03 0.01 2.5 0.24 0.01 99.83 1567 15
937 828 0.7 0.13 0.03 0.01 2.7 0.33 <0.01 99.83 1357 15
Duplicates
983 858B 0.05 <0.01 0.01 <0.002 1.4 0.16 0.01 99.96 1.5 446 1
Cs Ga Hf Nb Rb Sn Sr Ta Th U V
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM
0.1 0.5 0.1 0.1 0.1 1 0.5 0.1 0.2 0.1 8
Sample Name LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200
936 634 1.9 19 6 15.2 141.9 <1 68.9 1.3 29.5 3.7 <8
983 858A 3.7 20.4 6.1 16.8 117.1 1 44.9 1.2 32.7 4.7 <8
983 858B 4 18.7 6.4 16.2 116.6 1 39.5 1.1 33.9 4.5 <8
995 609A 2.4 18.7 8.1 14.1 155.7 2 87.4 1.1 29 3.6 <8
995 609B 2.3 19.1 8.1 13.2 151.4 2 94 0.9 27.8 3.5 13
MQ148 165.2 2.9 22.7 4 21.1 28.9 2 383.3 1.3 2.2 0.3 307
984 776.7 <0.1 <0.5 <0.1 <0.1 0.2 <1 183.8 <0.1 <0.2 0.6 <8
984 782 <0.1 <0.5 <0.1 <0.1 <0.1 <1 180.7 <0.1 <0.2 0.9 11
984 802.9 <0.1 <0.5 <0.1 <0.1 0.2 <1 190.8 <0.1 <0.2 0.5 11
937 781 5.6 5.7 1.3 4.4 71.4 <1 51.4 0.2 5.5 1.2 33
937 798.4 7.4 4.2 1.1 3.8 79.3 2 31.9 0.3 5.1 1.4 37
937 826.3 29.9 16.2 4.7 12.1 360.4 3 106.7 1 15.3 3.2 109
937 828 19.5 17.5 4.6 11.8 272.6 3 141 1 14.7 3.3 104
Duplicates
983 858B 4 18.7 6.4 16.2 116.6 1 39.5 1.1 33.9 4.5 <8
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W Zr Y La Ce Pr Nd Sm Eu Gd Tb
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM
0.5 0.1 0.1 0.1 0.1 0.02 0.3 0.05 0.02 0.05 0.01
Sample Name LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200
936 634 <0.5 125.1 56.8 8.8 26.5 4.47 22.9 8.3 0.86 9.73 1.73
983 858A 8.7 132.1 64.5 9.6 26.3 4.51 22.4 8.12 0.67 10.4 1.9
983 858B 9.6 125.4 65.1 9 26.7 4.48 21.2 8.07 0.63 10.33 1.97
995 609A 0.9 219.4 58.3 41.9 88.7 11.51 45.9 10.64 1.32 10.72 1.76
995 609B 1.3 215.9 58.5 43.8 90.8 11.92 48.1 11.32 1.36 11.18 1.87
MQ148 165.2 2.4 169.9 27.7 20.5 43.7 5.8 24.9 5.74 1.91 6.15 1.03
984 776.7 <0.5 0.7 0.3 0.4 0.5 0.04 <0.3 <0.05 <0.02 0.06 <0.01
984 782 <0.5 1.5 0.2 0.3 0.3 0.03 <0.3 <0.05 <0.02 <0.05 <0.01
984 802.9 2 0.5 0.3 0.3 <0.1 <0.02 <0.3 <0.05 <0.02 <0.05 <0.01
937 781 3.4 42.6 10.8 9.6 21.3 2.66 10.7 2.11 0.34 1.98 0.32
937 798.4 5.3 41.1 12.8 6.6 13.2 1.92 8.1 2.03 0.18 2.16 0.37
937 826.3 8 169.1 22.2 23.4 47.9 5.8 23.3 4.61 0.81 4.46 0.68
937 828 7.4 171.6 24.9 23.8 50.7 6.43 25.2 5.17 0.84 4.8 0.78
Duplicates
983 858B 9.6 125.4 65.1 9 26.7 4.48 21.2 8.07 0.63 10.33 1.97
Dy Ho Er Tm Yb Lu Ni Mo Cu Pb Zn
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM
0.05 0.02 0.03 0.01 0.05 0.01 10 0.01 0.01 0.01 0.1
Sample Name LF200 LF200 LF200 LF200 LF200 LF200 MA370 AQ252 AQ252 AQ252 AQ252
936 634 10.43 2.29 6.95 0.94 6.02 0.9 <10 1.84 5.49 15.65 47.9
983 858A 11.3 2.52 7.76 1.19 7.56 1.19 <10 5.13 40.56 9.42 54.1
983 858B 11.36 2.64 8.12 1.21 8.03 1.2 <10 15.98 21.64 10.73 52
995 609A 10.99 2.31 6.83 0.95 6.15 0.93 <10 14.37 53.74 14.93 83.5
995 609B 11 2.34 6.7 0.96 6.22 0.93 <10 10.21 50.25 16.16 84.3
MQ148 165.2 5.49 1.09 3.07 0.47 2.74 0.4 52 1.68 89.93 4.2 159.5
984 776.7 <0.05 <0.02 <0.03 <0.01 <0.05 <0.01 <10 21.52 116.13 4.93 115.3
984 782 <0.05 <0.02 <0.03 <0.01 <0.05 <0.01 <10 4.46 104.35 4.88 44.6
984 802.9 <0.05 <0.02 <0.03 <0.01 <0.05 <0.01 <10 4.88 80.98 4.08 23.2
937 781 1.77 0.35 1.11 0.17 1.04 0.15 13 43.11 23.87 13.24 41.2
937 798.4 2.16 0.47 1.43 0.2 1.33 0.19 <10 133.33 183.61 24.12 116
937 826.3 3.91 0.82 2.4 0.37 2.39 0.34 25 57.49 32.69 7.08 83
937 828 4.43 0.88 2.75 0.4 2.54 0.38 29 67.19 29.15 7.55 76.5
Duplicates
983 858B 11.36 2.64 8.12 1.21 8.03 1.2 <10 15.98 21.64 10.73 52
Ag Ni Co Mn As Au Cd Sb Bi Cr B
PPB PPM PPM PPM PPM PPB PPM PPM PPM PPM PPM
2 0.1 0.1 1 0.1 0.2 0.01 0.02 0.02 0.5 1
Sample Name AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252
936 634 116 1.1 0.3 155 37.3 <0.2 0.27 1.33 <0.02 4.1 15
983 858A 140 0.8 0.5 145 37.9 14.9 0.31 0.88 4.06 2.9 3
983 858B 179 0.7 0.4 110 38.3 431.9 0.34 0.98 12.47 3.5 4
995 609A 155 1 0.4 307 7.6 24.3 0.24 1.32 0.09 4.3 4
995 609B 145 0.8 0.4 295 5.4 25.6 0.22 1.29 0.1 3 6
MQ148 165.2 187 33.6 21.2 272 44.7 0.8 0.13 0.99 0.08 5 3
984 776.7 200 1 0.7 67 164.2 17.2 0.34 3.03 7.47 1.5 1
984 782 134 0.1 <0.1 63 25.2 12.9 0.16 3.85 0.69 1.3 1
984 802.9 230 <0.1 0.2 44 73.6 36.5 0.06 5.15 0.57 0.8 1
937 781 235 11.7 2.2 155 11.8 509.2 0.08 1.25 10.2 19.8 4
937 798.4 311 10.1 1.7 107 29.9 64.5 0.45 4.1 12.43 10.7 8
937 826.3 58 26.4 5.6 206 22.7 64.1 0.09 1.71 1.86 52 18
937 828 140 26.7 6.7 231 16.1 10.5 0.1 1.05 7.08 55.6 9
Duplicates
983 858B 179 0.7 0.4 110 38.3 431.9 0.34 0.98 12.47 3.5 4
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Tl Hg Se Te Ge In Re Be Li Pd Pt
PPM PPB PPM PPM PPM PPM PPB PPM PPM PPB PPB
0.02 5 0.1 0.02 0.1 0.02 1 0.1 0.1 10 2
Sample Name AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252
936 634 0.07 <5 <0.1 <0.02 <0.1 <0.02 <1 1 1.4 <10 <2
983 858A 0.09 7 <0.1 0.16 <0.1 0.24 <1 1.2 7.8 <10 <2
983 858B 0.1 7 <0.1 1.07 <0.1 0.2 <1 1.1 6.2 <10 3
995 609A 0.07 12 <0.1 0.04 <0.1 0.08 <1 1.3 4.8 <10 <2
995 609B 0.05 9 <0.1 0.06 0.2 0.09 <1 1.3 6 <10 <2
MQ148 165.2 0.13 22 <0.1 <0.02 0.1 <0.02 <1 0.3 26.7 <10 6
984 776.7 <0.02 29 <0.1 0.9 <0.1 <0.02 <1 <0.1 0.2 <10 <2
984 782 <0.02 16 <0.1 0.14 <0.1 <0.02 <1 <0.1 0.2 <10 <2
984 802.9 <0.02 7 0.1 0.32 <0.1 <0.02 <1 <0.1 0.2 <10 <2
937 781 0.34 12 <0.1 1.13 <0.1 <0.02 <1 0.4 17.1 <10 <2
937 798.4 0.32 9 <0.1 1.11 <0.1 <0.02 <1 0.4 8.1 <10 <2
937 826.3 1.54 <5 <0.1 0.19 <0.1 0.02 <1 0.8 91.1 <10 <2
937 828 1.21 <5 <0.1 0.17 <0.1 <0.02 <1 1.1 69.4 <10 2
Duplicates
983 858B 0.1 7 <0.1 1.07 <0.1 0.2 <1 1.1 6.2 <10 3
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Appendix 1.2: Clinopyroxene Compositions by Electron Microprobe
Analysis name 983 545m sp2px 983 545m sp2px 983 545m sp2px 983 545m sp2px 983 545m sp2px 983 545m sp2px 983 545m sp2px 983 545m sp2px 
Skarn Type Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px
SiO2 49.1 48.8 49.0 49.0 49.0 48.9 49.0 48.6
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1
FeO 24.7 24.5 25.1 25.5 25.2 26.0 26.0 26.1
MnO   0.9 0.9 1.2 0.9 1.1 1.1 1.1 0.9
MgO   3.2 3.0 3.1 2.8 2.6 2.7 2.4 2.3
CaO   22.6 22.6 22.2 22.6 22.2 22.1 22.1 22.3
Na2O  0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.2
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.9 100.1 101.0 101.3 100.3 101.1 101.0 100.6
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.98 1.98 1.97 1.98 1.98 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.83 0.83 0.84 0.86 0.85 0.88 0.88 0.89
Cations Mn2+ 0.03 0.03 0.04 0.03 0.04 0.04 0.04 0.03
Cations Mg2+ 0.19 0.18 0.19 0.17 0.16 0.16 0.14 0.14
Cations Ca2+ 0.97 0.98 0.96 0.97 0.96 0.96 0.96 0.97
Cations Na2+ 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.03 4.03 4.03 4.02 4.03 4.02 4.03
End Members (%)
% Hedenbergite 79 80 79 81 81 81 83 84
% Diopside 18 17 17 16 15 15 14 13
% Johannsenite 3 3 4 3 3 4 4 3
Analysis name 983 545m sp2px 983 545m sp2px 983 545m sp1px 983 545m sp1px 983 545m sp1px 983 545m sp1px 983 545m sp1px 983 545m sp1px 
Skarn Type Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px
SiO2 48.6 47.9 49.2 48.9 49.3 49.0 48.7 49.0
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 0.2 0.3 0.2 0.2 0.1 0.2 0.2 0.1
FeO 27.0 28.6 24.7 23.7 24.2 25.1 24.4 25.2
MnO   1.1 1.4 1.0 1.3 1.0 1.0 1.7 1.1
MgO   2.0 0.6 3.0 2.9 2.9 3.0 2.7 2.6
CaO   21.9 21.5 22.6 22.3 22.7 22.3 22.7 22.5
Na2O  0.1 0.2 0.2 0.2 0.2 0.2 0.1 0.2
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.9 100.4 100.7 99.6 100.5 100.7 100.5 100.7
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.98 1.98 1.99 1.99 1.98 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.92 0.99 0.83 0.81 0.82 0.85 0.83 0.85
Cations Mn2+ 0.04 0.05 0.03 0.05 0.04 0.04 0.06 0.04
Cations Mg2+ 0.12 0.04 0.18 0.18 0.17 0.18 0.16 0.15
Cations Ca2+ 0.95 0.95 0.97 0.97 0.98 0.96 0.98 0.98
Cations Na2+ 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.02 4.02 4.02 4.02 4.03 4.03 4.02
End Members (%)
% Hedenbergite 85 92 80 78 80 80 79 81
% Diopside 11 3 17 17 17 17 15 15
% Johannsenite 4 5 3 4 3 3 6 4
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Analysis name 983 545m sp1px 983 545m sp1px 983 545m sp1px 983 545m sp1px 982 856m sp1px 982 856m sp1px 982 856m sp1px 982 856m sp1px 
Skarn Type Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Endoskarn Endoskarn Endoskarn
SiO2 49.3 49.0 48.5 48.7 53.8 53.0 48.6 48.2
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 0.1 0.2 0.2 0.1 0.1 0.1 0.0 0.1
FeO 25.8 25.8 26.1 26.6 4.8 5.9 26.9 27.8
MnO   1.2 1.0 1.2 1.4 0.2 0.2 0.5 0.5
MgO   2.6 2.5 2.1 2.0 15.6 15.4 0.9 0.7
CaO   22.8 22.1 21.7 21.8 26.4 25.3 23.1 22.9
Na2O  0.1 0.2 0.2 0.1 0.0 0.0 0.1 0.2
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 102.1 101.2 100.0 100.7 100.8 99.8 100.1 100.4
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.98 1.98 1.98 1.98 1.97 1.99 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.86 0.87 0.89 0.91 0.15 0.18 0.92 0.95
Cations Mn2+ 0.04 0.03 0.04 0.05 0.01 0.01 0.02 0.02
Cations Mg2+ 0.15 0.15 0.13 0.12 0.85 0.85 0.06 0.04
Cations Ca2+ 0.98 0.96 0.95 0.95 1.04 1.01 1.01 1.01
Cations Na2+ 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.02
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.02 4.02 4.02 4.02 4.03 4.01 4.02
End Members (%)
% Hedenbergite 82 82 84 84 15 17 93 94
% Diopside 15 14 12 11 85 82 6 4
% Johannsenite 4 3 4 4 1 1 2 2
Analysis name 982 856m sp1px 982 856m sp1px 982 856m sp1px 982 855m sp1px 982 855m sp1px 982 855m sp1px 982 855m sp1px 982 855m sp1px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2 48.4 48.1 48.3 49.8 49.4 48.3 48.0 48.8
TiO2 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0
Al2O3 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0
FeO 27.4 28.7 28.1 29.5 25.9 25.0 24.9 27.0
MnO   0.5 0.5 0.5 0.7 0.6 0.6 0.6 0.8
MgO   0.5 0.4 0.3 2.5 1.7 1.5 1.3 0.8
CaO   23.1 22.8 22.8 16.9 23.4 22.8 22.6 23.3
Na2O  0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.1
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.3 100.7 100.3 99.5 101.1 98.3 97.6 100.8
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.98 1.99 2.04 1.99 2.00 2.00 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.94 0.99 0.97 1.01 0.87 0.87 0.87 0.92
Cations Mn2+ 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03
Cations Mg2+ 0.03 0.02 0.02 0.15 0.10 0.09 0.08 0.05
Cations Ca2+ 1.02 1.01 1.00 0.74 1.01 1.01 1.01 1.02
Cations Na2+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.03 4.01 3.97 4.01 4.00 4.00 4.01
End Members (%)
% Hedenbergite 95 96 97 85 88 89 89 92
% Diopside 3 2 2 13 10 9 8 5
% Johannsenite 2 2 2 2 2 2 2 3
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Analysis name 982 855m sp1px 982 855m sp1px 982 852m sp3px 982 852m sp3px 982 852m sp3px 982 852m sp3px 982 852m sp3px 982 852m sp2px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2 48.5 48.5 41.5 47.9 47.8 47.7 47.7 47.5
TiO2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Al2O3 0.1 0.1 3.8 0.3 0.5 0.2 0.4 0.2
FeO 27.9 28.2 32.6 28.6 29.6 28.2 28.4 29.5
MnO   0.5 0.7 0.6 0.6 0.6 0.5 0.4 0.5
MgO   0.7 0.1 0.5 0.2 0.2 0.1 0.1 0.0
CaO   23.3 23.2 16.3 22.3 21.4 22.3 22.5 22.5
Na2O  0.0 0.1 0.2 0.2 0.5 0.3 0.3 0.3
K2O   0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Total 101.1 100.9 95.8 100.2 100.6 99.6 100.0 100.6
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.99 1.83 1.98 1.97 1.99 1.98 1.97
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.20 0.01 0.02 0.01 0.02 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.95 0.97 1.20 0.99 1.02 0.98 0.98 1.02
Cations Mn2+ 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Cations Mg2+ 0.04 0.01 0.03 0.01 0.01 0.01 0.01 0.00
Cations Ca2+ 1.02 1.02 0.77 0.98 0.94 0.99 1.00 1.00
Cations Na2+ 0.00 0.01 0.02 0.02 0.04 0.02 0.03 0.02
Cations K+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.02 4.08 4.02 4.03 4.02 4.03 4.04
End Members (%)
% Hedenbergite 94 97 96 97 97 98 98 98
% Diopside 4 1 3 1 1 1 1 0
% Johannsenite 2 2 2 2 2 2 2 2
Analysis name 982 852m sp2px 982 852m sp2px 982 852m sp2px 982 852m sp2px 982 852m sp1px 982 852m sp1px 982 852m sp1px 982 852m sp1px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2 48.4 48.6 48.3 48.2 43.1 48.3 48.0 48.2
TiO2 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Al2O3 0.5 0.3 0.3 0.6 3.9 0.3 0.1 0.2
FeO 28.6 28.4 28.7 28.5 32.5 28.6 27.9 29.0
MnO   0.5 0.6 0.5 0.4 0.5 0.5 0.8 0.5
MgO   0.0 0.0 0.0 0.0 0.2 0.1 0.1 0.1
CaO   23.0 22.8 23.0 22.9 17.5 22.2 23.0 22.4
Na2O  0.2 0.2 0.2 0.2 0.1 0.2 0.1 0.4
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.2 101.0 101.1 100.9 97.8 100.3 100.0 101.3
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.99 1.98 1.98 1.85 1.99 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.03 0.01 0.01 0.03 0.20 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.98 0.97 0.98 0.98 1.16 0.99 0.97 1.00
Cations Mn2+ 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02
Cations Mg2+ 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01
Cations Ca2+ 1.00 1.00 1.01 1.01 0.80 0.98 1.02 0.99
Cations Na2+ 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.03
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.01 4.02 4.02 4.06 4.01 4.02 4.03
End Members (%)
% Hedenbergite 98 98 98 98 97 98 97 98
% Diopside 0 0 0 0 1 1 0 0
% Johannsenite 2 2 2 2 1 2 3 2
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Analysis name 982 852m sp1px 982 800m sp2px 982 800m sp2px 982 800m sp2px 982 800m sp2px 982 800m sp2px 982 800m sp2px 982 800m sp2px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2 48.1 53.3 52.7 48.8 49.0 48.4 48.5 48.4
TiO2 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Al2O3 0.4 0.1 0.1 0.0 0.0 0.1 0.2 0.2
FeO 28.9 9.2 11.7 27.0 27.1 27.9 28.9 29.0
MnO   0.5 0.3 0.3 0.4 0.6 0.4 0.4 0.4
MgO   0.0 12.6 10.8 1.1 0.9 0.8 0.1 0.0
CaO   22.2 25.6 25.2 23.4 23.4 23.1 22.5 22.7
Na2O  0.4 0.1 0.1 0.0 0.0 0.2 0.2 0.1
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.8 101.4 100.9 100.8 101.0 100.9 100.7 100.7
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.98 1.99 1.99 1.99 1.98 1.99 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.99 0.29 0.37 0.92 0.92 0.95 0.99 1.00
Cations Mn2+ 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Cations Mg2+ 0.00 0.70 0.61 0.06 0.06 0.05 0.00 0.00
Cations Ca2+ 0.98 1.02 1.02 1.02 1.02 1.01 0.99 1.00
Cations Na2+ 0.03 0.01 0.01 0.00 0.00 0.02 0.02 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.02 4.01 4.01 4.01 4.03 4.01 4.01
End Members (%)
% Hedenbergite 98 29 37 92 92 94 98 98
% Diopside 0 70 62 6 6 5 0 0
% Johannsenite 2 1 1 1 2 1 1 1
Analysis name 982 800m sp1px 982 800m sp1px 982 800m sp1px 982 800m sp1px 982 800m sp1px 982 800m sp1px 982 800m sp1px 982 701n sp1px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2 49.2 49.2 48.6 48.6 49.0 48.9 48.3 54.5
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Al2O3 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1
FeO 26.2 26.2 25.9 27.5 27.2 27.3 28.8 3.0
MnO   0.5 0.4 0.6 0.4 0.5 0.4 0.3 0.3
MgO   1.6 1.4 1.4 1.2 1.0 1.0 0.2 16.8
CaO   23.5 23.5 23.4 23.3 23.3 23.0 22.7 26.6
Na2O  0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.1 100.9 100.0 101.2 101.2 100.9 100.8 101.3
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.99 1.99 1.98 1.99 1.99 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.89 0.89 0.88 0.93 0.92 0.93 0.99 0.09
Cations Mn2+ 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01
Cations Mg2+ 0.10 0.09 0.08 0.07 0.06 0.06 0.01 0.91
Cations Ca2+ 1.02 1.02 1.03 1.01 1.01 1.00 1.00 1.03
Cations Na2+ 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.01 4.01 4.03 4.01 4.01 4.02 4.02
End Members (%)
% Hedenbergite 89 90 90 91 92 93 98 9
% Diopside 10 9 8 7 6 6 1 90
% Johannsenite 2 1 2 1 2 1 1 1
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Analysis name 982 701n sp1px 982 701n sp1px 982 701n sp1px 982 701n sp1px 982 701n sp1px 982 701n sp1px 982 701n sp1px 937W4 1039m sp2px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Mag > Ga Px
SiO2 54.2 54.4 48.9 48.8 48.8 47.9 48.3 54.6
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 0.1 0.1 0.3 0.3 0.1 0.2 0.2 0.2
FeO 3.3 3.8 27.2 26.3 27.2 27.9 28.7 2.6
MnO   0.2 0.5 0.4 0.4 0.5 0.7 0.7 0.1
MgO   16.7 15.9 1.2 1.2 1.2 0.1 0.1 17.3
CaO   26.2 26.2 23.4 23.4 23.3 22.9 23.0 26.5
Na2O  0.1 0.0 0.1 0.2 0.1 0.1 0.1 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.0 101.0 101.6 100.7 101.1 99.9 101.2 101.3
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.99 1.98 1.99 1.98 1.98 1.98 1.94
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.01 0.02 0.02 0.00 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07
Cations Fe2+ 0.10 0.12 0.92 0.89 0.93 0.97 0.98 0.08
Cations Mn2+ 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.00
Cations Mg2+ 0.91 0.87 0.07 0.07 0.07 0.01 0.01 0.92
Cations Ca2+ 1.02 1.02 1.01 1.02 1.01 1.02 1.01 1.01
Cations Na2+ 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.01 4.02 4.01 4.02 4.02 4.02 4.02
End Members (%)
% Hedenbergite 10 12 91 91 91 97 97 8
% Diopside 89 87 7 7 7 1 1 92
% Johannsenite 1 2 1 2 2 2 2 0
Analysis name 937W4 1039m sp2px 937W4 1039m sp2px 937W4 1039m sp2px 937W4 1039m sp2px 937W4 1039m sp2px 937W4 1039m sp2px 937W4 1039m sp2px 937W4 1039m sp2px 
Skarn Type Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px
SiO2 54.4 53.8 54.1 53.9 53.6 53.4 53.7 52.9
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
Al2O3 0.3 0.3 0.4 0.3 0.3 0.3 0.3 0.6
FeO 2.8 3.2 3.4 3.4 4.0 4.5 4.3 5.4
MnO   0.1 0.2 0.1 0.3 0.3 0.2 0.4 0.4
MgO   17.1 16.5 16.5 16.3 15.9 15.8 15.8 14.8
CaO   26.6 26.3 26.5 26.4 26.1 26.2 26.2 25.8
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.3 100.4 100.9 100.5 100.3 100.4 100.7 99.8
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.93 1.93 1.93 1.93 1.92 1.91 1.91 1.90
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.03
Cations Fe3+ 0.08 0.09 0.09 0.09 0.11 0.12 0.12 0.14
Cations Fe2+ 0.08 0.10 0.10 0.10 0.12 0.13 0.13 0.16
Cations Mn2+ 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01
Cations Mg2+ 0.90 0.88 0.87 0.87 0.85 0.84 0.84 0.79
Cations Ca2+ 1.01 1.01 1.01 1.01 1.00 1.00 1.00 0.99
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.02 4.02 4.02 4.02 4.03 4.02 4.02
End Members (%)
% Hedenbergite 9 10 10 10 12 14 13 17
% Diopside 91 90 89 89 87 86 86 82
% Johannsenite 0 1 0 1 1 1 1 1
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Analysis name 937W4 1039m sp2px 937W4 1039m sp1px 937W4 1039m sp1px 937W4 1039m sp1px 937W4 1039m sp1px 937W4 1039m sp1px 937W4 1039m sp1px 937W4 1039m sp1px 
Skarn Type Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px
SiO2 53.0 54.3 54.2 54.8 54.6 54.4 54.0 54.0
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 0.4 0.3 0.5 0.1 0.4 0.5 0.6 0.4
FeO 6.3 1.0 1.1 1.1 1.3 1.4 1.6 1.6
MnO   0.3 0.1 0.1 0.1 0.2 0.1 0.1 0.2
MgO   15.0 17.6 17.8 17.6 17.5 17.5 17.5 17.0
CaO   26.1 26.6 26.8 26.5 26.7 26.7 26.6 26.6
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.0 100.0 100.6 100.2 100.7 100.7 100.4 99.8
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.87 1.96 1.95 1.97 1.96 1.95 1.94 1.95
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.02 0.01 0.02 0.00 0.02 0.02 0.03 0.02
Cations Fe3+ 0.17 0.03 0.03 0.03 0.04 0.04 0.04 0.04
Cations Fe2+ 0.19 0.03 0.03 0.03 0.04 0.04 0.05 0.05
Cations Mn2+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Cations Mg2+ 0.79 0.95 0.96 0.94 0.94 0.93 0.94 0.91
Cations Ca2+ 0.99 1.03 1.03 1.02 1.03 1.03 1.03 1.03
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.02 4.03 4.01 4.02 4.02 4.02 4.02
End Members (%)
% Hedenbergite 19 3 3 4 4 4 5 5
% Diopside 80 97 96 96 95 95 95 94
% Johannsenite 1 0 0 0 0 0 0 1
Analysis name 937W4 1039m sp1px 937W4 1039m sp1px 937W4 1039m sp1px 937W4 1039m sp1px 937W3 975m sp2px 937W3 975m sp2px 937W3 975m sp2px 937W3 975m sp2px 
Skarn Type Mag > Ga Px Mag > Ga Px Mag > Ga Px Mag > Ga Px Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 53.6 53.7 53.8 53.5 55.0 54.3 54.3 54.0
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 0.9 0.7 0.5 0.9 0.1 0.5 0.2 0.6
FeO 1.8 1.9 2.2 2.2 1.0 1.5 1.5 1.6
MnO   0.1 0.2 0.1 0.2 0.1 0.1 0.1 0.1
MgO   17.0 16.9 16.9 17.0 18.1 17.6 17.6 17.3
CaO   26.5 26.6 26.5 26.8 27.1 26.6 27.1 26.7
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.0 100.0 100.1 100.5 101.4 100.5 100.9 100.5
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.93 1.94 1.94 1.92 1.97 1.97 1.97 1.97
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.04 0.03 0.02 0.04 0.01 0.02 0.01 0.03
Cations Fe3+ 0.05 0.05 0.06 0.06 0.00 0.00 0.00 0.00
Cations Fe2+ 0.05 0.06 0.06 0.06 0.03 0.04 0.04 0.05
Cations Mn2+ 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Cations Mg2+ 0.92 0.91 0.91 0.91 0.97 0.95 0.95 0.94
Cations Ca2+ 1.03 1.03 1.02 1.03 1.04 1.03 1.05 1.04
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.02 4.02 4.03 4.02 4.02 4.03 4.02
End Members (%)
% Hedenbergite 5 6 7 7 3 4 4 5
% Diopside 94 93 93 93 97 95 95 95
% Johannsenite 0 1 0 1 0 0 0 0
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Analysis name 937W3 975m sp2px 937W3 975m sp2px 937W3 975m sp2px 937W3 975m sp2px 937W3 975m sp2px 937W3 975m sp2px 937W3 975m sp2px 937W3 975m sp1px 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 54.5 54.2 54.7 54.6 54.0 54.2 35.3 55.0
TiO2 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0
Al2O3 0.2 0.7 0.1 0.1 0.5 0.4 1.2 0.1
FeO 1.5 1.6 1.8 1.9 2.1 2.3 26.7 1.0
MnO   0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.1
MgO   17.6 17.3 17.6 17.5 17.0 17.0 0.2 17.9
CaO   27.0 26.5 26.6 26.7 26.4 26.5 34.3 26.9
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.2 100.4 101.0 101.3 100.2 100.5 98.2 101.0
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.97 1.97 1.98 1.97 1.97 1.97 1.60 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.03 0.00 0.00 0.02 0.02 0.06 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.05 0.05 0.05 0.06 0.06 0.07 1.01 0.03
Cations Mn2+ 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00
Cations Mg2+ 0.95 0.94 0.95 0.95 0.92 0.92 0.01 0.96
Cations Ca2+ 1.04 1.03 1.03 1.04 1.03 1.03 1.67 1.04
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.02 4.02 4.02 4.02 4.02 4.37 4.02
End Members (%)
% Hedenbergite 5 5 5 6 6 7 98 3
% Diopside 95 95 94 94 93 92 1 97
% Johannsenite 0 0 0 1 0 1 0 0
Analysis name 937W3 975m sp1px 937W3 975m sp1px 937W3 975m sp1px 937W3 975m sp1px 937W3 975m sp1px 937W3 975m sp1px 937W3 975m sp1px 937W3 975m sp1px 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 54.5 51.7 54.7 54.8 53.7 54.6 54.7 54.6
TiO2 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0
Al2O3 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.2
FeO 1.1 1.2 1.4 1.4 1.5 1.7 1.7 2.3
MnO   0.1 0.0 0.1 0.2 0.1 0.1 0.2 0.2
MgO   17.9 16.9 17.9 17.2 17.3 17.1 17.1 16.8
CaO   26.0 23.9 26.9 26.9 25.9 26.8 26.7 26.7
Na2O  0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.0 94.0 101.2 100.7 98.6 100.4 100.3 100.8
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.99 1.97 1.98 1.98 1.98 1.99 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.03 0.04 0.04 0.04 0.05 0.05 0.05 0.07
Cations Mn2+ 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Cations Mg2+ 0.97 0.97 0.96 0.93 0.95 0.93 0.92 0.91
Cations Ca2+ 1.01 0.99 1.04 1.04 1.02 1.04 1.04 1.04
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.00 4.02 4.01 4.01 4.01 4.01 4.01
End Members (%)
% Hedenbergite 3 4 4 4 5 5 5 7
% Diopside 96 96 96 95 95 94 94 92
% Johannsenite 0 0 0 1 0 0 0 0
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Analysis name 937W3 975m sp1px 883W2 983m sp1px 841 530m sp1px 841 530m sp1px 841 530m sp1px 841 530m sp1px 841 530m sp1px 841 530m sp1px 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 54.6 53.3 48.3 48.9 48.5 48.0 49.0 49.0
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Al2O3 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
FeO 2.6 3.6 25.9 24.8 25.7 27.3 24.9 24.8
MnO   0.2 2.1 2.0 1.5 1.5 1.4 1.4 1.4
MgO   16.7 14.6 0.5 1.3 1.2 0.1 1.7 1.6
CaO   26.8 25.7 23.4 23.3 23.4 22.9 23.7 23.7
Na2O  0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.0 99.5 100.2 99.9 100.4 99.8 100.8 100.6
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.99 1.99 2.00 1.98 1.99 1.99 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.08 0.11 0.89 0.85 0.88 0.95 0.84 0.84
Cations Mn2+ 0.00 0.07 0.07 0.05 0.05 0.05 0.05 0.05
Cations Mg2+ 0.91 0.81 0.03 0.08 0.07 0.00 0.10 0.10
Cations Ca2+ 1.04 1.03 1.03 1.02 1.02 1.02 1.03 1.03
Cations Na2+ 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.01 4.02 4.00 4.02 4.01 4.01 4.01
End Members (%)
% Hedenbergite 8 11 90 86 88 95 85 85
% Diopside 92 82 3 8 7 0 10 10
% Johannsenite 0 7 7 5 5 5 5 5
Analysis name 841 530m sp1px 841 530m sp1px 841 530m sp1px 841 530m sp1px 841 530m sp1px 841 530m sp1px 841 530m sp1px 841 530m sp1px 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 48.9 48.3 48.6 48.8 48.7 48.9 48.6 48.4
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FeO 25.1 25.1 24.1 25.2 24.6 25.3 24.9 24.3
MnO   1.4 1.3 1.3 1.3 1.3 1.3 1.3 1.2
MgO   1.7 1.5 1.6 1.6 1.8 1.7 1.7 1.6
CaO   23.4 23.2 23.7 23.8 23.5 23.5 23.5 23.3
Na2O  0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.1
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.4 99.6 99.3 100.7 100.0 100.7 100.0 98.9
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.98 2.00 1.98 1.99 1.98 1.98 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.85 0.86 0.83 0.86 0.84 0.86 0.85 0.84
Cations Mn2+ 0.05 0.05 0.04 0.05 0.04 0.05 0.04 0.04
Cations Mg2+ 0.10 0.09 0.10 0.10 0.11 0.10 0.10 0.10
Cations Ca2+ 1.02 1.02 1.04 1.04 1.03 1.02 1.03 1.03
Cations Na2+ 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.02 4.01 4.02 4.01 4.02 4.02 4.01
End Members (%)
% Hedenbergite 85 86 86 86 85 85 85 85
% Diopside 10 9 10 10 11 10 10 10
% Johannsenite 5 5 5 5 5 5 4 4
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Analysis name 841 530m sp1px 841 530m sp1px 841 339m sp2px 841 339m sp2px 841 339m sp2px 841 339m sp2px 841 339m sp2px 841 339m sp2px 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 48.2 48.8 54.7 54.5 54.0 53.3 54.5 53.4
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 0.1 0.0 0.3 0.3 0.6 1.1 0.2 1.2
FeO 27.5 24.7 1.5 2.3 2.8 3.0 3.0 3.2
MnO   1.2 1.1 0.1 0.1 0.2 0.2 0.2 0.2
MgO   0.0 1.9 17.6 17.0 16.8 16.4 16.5 16.2
CaO   23.2 23.7 26.8 26.8 26.8 26.5 26.7 26.3
Na2O  0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.4 100.3 101.1 101.1 101.3 100.5 101.4 100.6
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.98 1.97 1.98 1.96 1.95 1.98 1.95
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.01 0.01 0.03 0.05 0.01 0.05
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.95 0.84 0.05 0.07 0.08 0.09 0.09 0.10
Cations Mn2+ 0.04 0.04 0.00 0.00 0.01 0.01 0.01 0.01
Cations Mg2+ 0.00 0.12 0.95 0.92 0.91 0.89 0.89 0.88
Cations Ca2+ 1.02 1.03 1.04 1.04 1.04 1.04 1.04 1.03
Cations Na2+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.02 4.02 4.02 4.03 4.03 4.02 4.02
End Members (%)
% Hedenbergite 96 84 5 7 8 9 9 10
% Diopside 0 12 95 93 91 90 90 90
% Johannsenite 4 4 0 0 1 1 1 1
Analysis name 841 339m sp2px 841 339m sp2px 841 339m sp2px 841 339m sp2px 841 339m sp1px 841 339m sp1px 841 339m sp1px 841 339m sp1px 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 54.2 53.7 54.4 53.7 54.7 54.8 54.6 54.6
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Al2O3 0.3 0.9 0.3 0.7 0.2 0.1 0.1 0.2
FeO 3.1 3.2 3.5 4.9 1.4 1.6 1.7 1.9
MnO   0.3 0.2 0.2 0.4 0.1 0.2 0.2 0.2
MgO   16.5 16.2 16.2 15.0 17.6 17.3 17.4 17.4
CaO   26.8 26.7 26.6 26.2 27.1 27.0 27.0 26.7
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.2 100.9 101.2 101.3 101.2 101.2 101.0 101.2
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.97 1.96 1.98 1.97 1.97 1.98 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.04 0.01 0.03 0.01 0.01 0.00 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.10 0.10 0.11 0.15 0.04 0.05 0.05 0.06
Cations Mn2+ 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Cations Mg2+ 0.90 0.88 0.88 0.82 0.95 0.93 0.94 0.94
Cations Ca2+ 1.04 1.04 1.04 1.03 1.05 1.04 1.04 1.03
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.02 4.02 4.02 4.02 4.02 4.02 4.02
End Members (%)
% Hedenbergite 10 10 11 15 4 5 5 6
% Diopside 90 90 89 83 95 94 94 94
% Johannsenite 1 1 1 1 0 1 1 1
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Analysis name 841 339m sp1px 841 339m sp1px 841 339m sp1px 841 339m sp1px 841 339m sp1px 841 339m sp1px 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 54.7 54.6 54.3 54.3 53.9 53.7
TiO2 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 0.3 0.1 0.3 0.1 0.2 0.2
FeO 2.4 2.5 2.6 2.6 3.6 4.8
MnO   0.2 0.3 0.2 0.3 0.3 0.2
MgO   16.8 16.8 16.7 16.7 16.1 15.4
CaO   26.9 26.8 26.8 26.1 26.1 26.5
Na2O  0.0 0.0 0.0 0.0 0.0 0.0
K2O   0.0 0.0 0.0 0.0 0.0 0.0
Total 101.3 101.1 101.0 100.2 100.2 100.9
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.98 1.97 1.99 1.98 1.97
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.00 0.01 0.00 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.07 0.08 0.08 0.08 0.11 0.15
Cations Mn2+ 0.01 0.01 0.01 0.01 0.01 0.01
Cations Mg2+ 0.90 0.91 0.91 0.91 0.88 0.84
Cations Ca2+ 1.04 1.04 1.04 1.02 1.03 1.04
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.02 4.02 4.01 4.02 4.02
End Members (%)
% Hedenbergite 8 8 8 8 11 15
% Diopside 92 91 91 91 88 85
% Johannsenite 1 1 1 1 1 1
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Appendix 1.3: Garnet Compositions by Microprobe
Analysis Name RDP-12-sp1gt RDP-12-sp1gt RDP-12-sp1gt RDP-12-sp1gt RDP-12-sp1gt RDP-11-sp1gt RDP-11-sp1gt RDP-11-sp1gt RDP-11-sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 35.35 35.82 35.60 35.54 35.61 35.35 35.41 35.44 35.57
TiO2 0.01 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.02
Al2O3 0.51 2.12 2.15 2.22 2.39 0.06 0.08 0.08 0.22
FeO   29.68 28.36 27.91 27.71 26.98 31.38 31.04 31.09 31.22
MnO   0.09 0.09 0.09 0.12 0.08 0.20 0.16 0.16 0.14
MgO   0.25 0.09 0.08 0.08 0.06 0.08 0.09 0.10 0.08
CaO   33.38 33.71 33.49 33.71 33.79 33.25 33.04 32.97 33.16
Na2O  0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
K2O   0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
Total 99.26 100.19 99.32 99.41 98.96 100.32 99.81 99.86 100.41
Fe2O3 29.68 28.36 27.91 27.71 26.98 31.38 31.04 31.09 31.22
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.26 100.19 99.32 99.41 98.96 100.32 99.81 99.86 100.41
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.00 2.99 3.00 2.99 3.00 2.98 3.00 3.00 2.99
C Site Al4+ 0.00 0.01 0.00 0.01 0.00 0.02 0.00 0.00 0.01
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.05 0.20 0.21 0.21 0.24 0.00 0.01 0.01 0.02
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.90 1.78 1.77 1.75 1.71 1.99 1.98 1.98 1.98
B Site Sum 1.95 1.98 1.98 1.96 1.95 1.99 1.99 1.99 1.99
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A site Ca2+ 3.04 3.02 3.02 3.04 3.05 3.01 3.00 2.99 2.99
A site Sum 3.07 3.03 3.04 3.06 3.07 3.03 3.02 3.01 3.01
Total Cation Sum 8.02 8.01 8.01 8.02 8.02 8.03 8.01 8.00 8.00
End Members (%)
% Andradite 97.4 89.9 89.4 89.3 87.8 100.0 99.6 99.3 98.9
% Grossular 2.6 10.1 10.6 10.7 12.2 0.0 0.4 0.4 0.8
% Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.3
1FeO calculated based on B site = 2.0
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Analysis Name RDP-11-sp1gt RDP-11-sp1gt RDP-11-sp1gt RDP-11-sp1gt RDP-11-sp1gt RDP-11-sp1gt RDP-11-sp1gt RDP-11-sp1gt RDP-11-sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 35.46 35.48 35.54 35.41 35.48 35.46 36.00 36.31 36.51
TiO2 0.00 0.05 0.00 0.02 0.05 0.02 0.00 0.00 0.12
Al2O3 0.03 0.04 0.09 0.27 0.27 0.27 3.04 5.33 5.73
FeO   30.88 30.86 30.80 30.53 30.49 30.47 26.88 24.30 23.30
MnO   0.16 0.23 0.16 0.15 0.21 0.27 0.07 0.39 0.43
MgO   0.07 0.10 0.11 0.09 0.10 0.09 0.07 0.08 0.10
CaO   33.31 33.16 33.34 33.31 33.29 32.92 33.78 33.75 34.00
Na2O  0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.05 0.00
K2O   0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.92 99.93 100.08 99.78 99.89 99.50 99.85 100.21 100.19
Fe2O3 30.88 30.86 30.80 30.53 30.49 30.47 26.88 24.30 23.30
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.92 99.93 100.08 99.78 99.89 99.50 99.85 100.21 100.19
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.00 3.00 3.00 3.00 3.00 3.01 3.00 2.98 2.99
C Site Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.01 3.00 3.00 3.00
B Site Al4+ 0.00 0.00 0.01 0.02 0.03 0.03 0.30 0.50 0.54
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
B Site Fe3+ 1.97 1.96 1.96 1.94 1.94 1.95 1.68 1.50 1.44
B Site Sum 1.97 1.97 1.97 1.97 1.97 1.97 1.98 2.00 1.98
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.02 0.01 0.01 0.02 0.02 0.00 0.03 0.03
A Site Mg+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A site Ca2+ 3.02 3.01 3.02 3.02 3.02 2.99 3.01 2.97 2.98
A site Sum 3.04 3.03 3.04 3.04 3.04 3.02 3.03 3.01 3.02
Total Cation Sum 8.01 8.01 8.01 8.01 8.01 8.00 8.01 8.01 8.01
End Members (%)
% Andradite 99.8 99.8 99.6 98.7 98.6 98.4 85.0 74.4 72.2
% Grossular 0.2 0.2 0.4 1.3 1.4 1.4 15.0 24.6 27.2
% Pyralspite 0.0 0.0 0.0 0.0 0.0 0.3 0.0 1.0 0.6
1FeO calculated based on B site = 2.0
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Analysis Name RDP-11-sp1gt RDP-10-sp2gt RDP-10-sp2gt RDP-10-sp2gt RDP-10-sp2gt RDP-10-sp2gt RDP-10-sp2gt RDP-10-sp2gt RDP-10-sp2gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 36.45 35.55 35.42 36.45 35.61 35.19 35.45 35.61 35.58
TiO2 0.10 0.03 0.00 0.00 0.00 0.03 0.00 0.00 0.04
Al2O3 5.74 0.09 0.00 0.00 0.07 0.02 0.07 0.10 0.78
FeO   23.21 31.16 30.96 31.65 30.89 30.65 30.67 30.30 29.54
MnO   0.42 0.15 0.15 0.12 0.14 0.09 0.09 0.11 0.19
MgO   0.11 0.09 0.04 0.05 0.06 0.06 0.08 0.10 0.03
CaO   33.83 33.12 33.43 33.93 33.36 33.53 33.67 33.10 33.65
Na2O  0.04 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.07
K2O   0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00
Total 99.90 100.18 100.01 102.20 100.13 99.57 100.06 99.36 99.87
Fe2O3 23.21 31.16 30.96 31.65 30.89 30.65 30.67 30.30 29.54
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.90 100.18 100.01 102.20 100.13 99.57 100.06 99.36 99.87
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.99 3.00 3.00 3.01 3.01 2.99 3.00 3.02 3.00
C Site Al4+ 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
C Site Sum 3.00 3.00 3.00 3.01 3.01 3.00 3.00 3.02 3.00
B Site Al4+ 0.55 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.08
B Site Ti4+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.43 1.98 1.97 1.97 1.96 1.96 1.95 1.94 1.87
B Site Sum 1.99 1.99 1.97 1.97 1.97 1.96 1.96 1.95 1.95
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
A site Ca2+ 2.98 2.99 3.03 3.01 3.02 3.05 3.05 3.01 3.04
A site Sum 3.02 3.02 3.05 3.02 3.03 3.07 3.07 3.03 3.06
Total Cation Sum 8.00 8.00 8.02 8.00 8.01 8.03 8.02 8.00 8.01
End Members (%)
% Andradite 71.8 99.4 100.0 100.0 99.7 100.0 99.8 99.5 96.0
% Grossular 27.4 0.4 0.0 0.0 0.3 0.0 0.2 0.5 4.0
% Pyralspite 0.8 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name RDP-10-sp2gt RDP-10-sp2gt RDP-10-sp1gt RDP-10-sp1gt RDP-10-sp1gt RDP-10-sp1gt RDP-10-sp1gt RDP-10-sp1gt RDP-10-sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 35.68 35.90 36.66 36.10 36.37 36.78 36.67 36.80 37.02
TiO2 0.01 0.00 0.05 0.19 0.03 0.05 0.10 0.11 0.22
Al2O3 1.11 1.74 4.80 1.65 5.36 5.66 5.89 6.61 6.40
FeO   28.89 28.01 24.68 23.25 23.87 23.72 22.89 22.27 22.19
MnO   0.18 0.23 0.10 0.16 0.14 0.18 0.13 0.15 0.15
MgO   0.05 0.03 0.11 0.17 0.13 0.16 0.18 0.13 0.17
CaO   33.77 33.82 34.19 34.55 34.52 34.27 34.49 34.46 34.59
Na2O  0.00 0.07 0.10 0.03 0.03 0.04 0.01 0.09 0.01
K2O   0.00 0.00 0.02 0.06 0.02 0.02 0.00 0.01 0.01
Total 99.70 99.79 100.70 96.17 100.45 100.87 100.37 100.62 100.76
Fe2O3 28.89 28.01 24.68 23.25 23.87 23.72 22.89 22.27 22.19
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.70 99.79 100.70 96.17 100.45 100.87 100.37 100.62 100.76
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.01 3.01 3.00 3.11 2.98 2.99 2.99 2.99 3.00
C Site Al4+ 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.01 0.00
C Site Sum 3.01 3.01 3.00 3.11 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.11 0.17 0.46 0.17 0.50 0.53 0.56 0.62 0.61
B Site Ti4+ 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01
B Site Fe3+ 1.83 1.77 1.52 1.51 1.47 1.45 1.41 1.36 1.35
B Site Sum 1.94 1.94 1.98 1.69 1.97 1.99 1.97 1.98 1.97
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.01 0.00 0.01 0.02 0.02 0.02 0.02 0.02 0.02
A site Ca2+ 3.05 3.04 3.00 3.19 3.03 2.99 3.01 3.00 3.00
A site Sum 3.07 3.06 3.02 3.23 3.05 3.02 3.05 3.02 3.03
Total Cation Sum 8.02 8.01 8.00 8.03 8.02 8.01 8.02 8.00 8.01
End Members (%)
% Andradite 94.3 91.1 76.6 90.0 74.8 72.8 71.6 68.7 69.0
% Grossular 5.7 8.9 23.3 10.0 25.2 26.7 28.4 31.2 31.0
% Pyralspite 0.0 0.0 0.1 0.0 0.0 0.5 0.0 0.2 0.0
1FeO calculated based on B site = 2.0
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Analysis Name RDP-10-sp1gt RDP-10-sp1gt RDP-10-sp1gt RDP-10-sp1gt MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2 36.71 37.18 36.67 37.21 35.11 35.01 35.56 35.79 35.69
TiO2 0.08 0.13 0.14 0.20 0.04 0.03 0.02 0.04 0.02
Al2O3 6.88 6.60 6.73 7.54 0.73 0.73 1.05 1.67 1.84
FeO   22.12 22.30 21.58 20.61 30.28 29.65 29.53 28.55 27.99
MnO   0.17 0.19 0.17 0.16 0.05 0.04 0.06 0.08 0.06
MgO   0.09 0.15 0.20 0.18 0.09 0.08 0.09 0.17 0.15
CaO   34.54 34.49 34.53 34.08 34.42 34.00 34.41 34.48 34.17
Na2O  0.04 0.06 0.07 0.02 0.08 0.04 0.14 0.04 0.07
K2O   0.00 0.01 0.00 0.01 0.02 0.01 0.00 0.01 0.01
Total 100.64 101.10 100.08 100.01 100.82 99.59 100.86 100.83 100.00
Fe2O3 22.12 22.30 21.58 20.61 30.28 29.65 29.53 28.55 27.99
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.64 101.10 100.08 100.01 100.82 99.59 100.86 100.83 100.00
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.98 3.00 2.99 3.01 2.95 2.97 2.97 2.98 2.99
C Site Al4+ 0.02 0.00 0.01 0.00 0.05 0.03 0.03 0.02 0.01
C Site Sum 3.00 3.00 3.00 3.01 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.63 0.63 0.63 0.72 0.02 0.04 0.08 0.14 0.17
B Site Ti4+ 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.35 1.35 1.32 1.26 1.91 1.89 1.86 1.79 1.77
B Site Sum 1.99 1.99 1.96 1.99 1.94 1.94 1.94 1.93 1.94
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00
A Site Mg+ 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02
A site Ca2+ 3.00 2.98 3.01 2.96 3.10 3.09 3.08 3.08 3.07
A site Sum 3.02 3.01 3.05 2.99 3.11 3.10 3.10 3.10 3.09
Total Cation Sum 8.01 8.00 8.01 7.99 8.05 8.04 8.03 8.04 8.03
End Members (%)
% Andradite 68.1 67.9 67.6 62.6 98.9 97.8 96.0 92.6 91.1
% Grossular 31.9 31.4 32.4 35.9 1.1 2.2 4.0 7.4 8.9
% Pyralspite 0.0 0.7 0.0 1.5 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
144
Analysis Name MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt MQ121 280m sp1gt 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2 35.64 35.76 35.63 35.79 35.77 35.39 35.79 35.88 35.28
TiO2 0.06 0.08 0.06 0.20 0.07 0.07 0.15 0.03 0.18
Al2O3 2.15 2.34 2.33 2.39 2.54 2.62 2.57 2.61 3.10
FeO   28.04 27.97 27.66 27.65 27.54 27.25 27.29 27.35 25.59
MnO   0.04 0.04 0.03 0.08 0.03 0.06 0.09 0.08 0.05
MgO   0.14 0.14 0.13 0.13 0.10 0.15 0.21 0.10 0.15
CaO   34.29 34.34 34.86 34.29 34.00 34.51 34.21 34.59 34.59
Na2O  0.17 0.13 0.04 0.11 0.10 0.07 0.02 0.12 0.06
K2O   0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00
Total 100.53 100.81 100.75 100.64 100.15 100.13 100.34 100.76 98.99
Fe2O3 28.04 27.97 27.66 27.65 27.54 27.25 27.29 27.35 25.59
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.53 100.81 100.75 100.64 100.15 100.13 100.34 100.76 98.99
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.97 2.97 2.96 2.97 2.98 2.96 2.98 2.98 2.97
C Site Al4+ 0.03 0.03 0.04 0.03 0.02 0.04 0.02 0.02 0.03
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.18 0.20 0.19 0.21 0.23 0.22 0.23 0.23 0.28
B Site Ti4+ 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01
B Site Fe3+ 1.76 1.75 1.73 1.73 1.73 1.71 1.71 1.71 1.62
B Site Sum 1.94 1.95 1.93 1.95 1.96 1.93 1.95 1.94 1.91
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00
A Site Mg+ 0.02 0.02 0.02 0.02 0.01 0.02 0.03 0.01 0.02
A site Ca2+ 3.06 3.06 3.11 3.05 3.04 3.09 3.05 3.07 3.12
A site Sum 3.08 3.08 3.12 3.07 3.05 3.11 3.08 3.09 3.14
Total Cation Sum 8.03 8.03 8.05 8.02 8.02 8.05 8.03 8.03 8.05
End Members (%)
% Andradite 90.6 89.8 90.1 89.3 88.2 88.8 88.1 88.1 85.4
% Grossular 9.4 10.2 9.9 10.7 11.8 11.2 11.9 11.9 14.6
% Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name 982 856m sp1gt 982 856m sp1gt 982 856m sp1gt 982 856m sp1gt 982 856m sp1gt 982 855m sp1gt 982 855m sp1gt 982 855m sp1gt 982 855m sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 35.00 35.41 35.16 35.28 35.35 35.42 35.52 35.57 35.50
TiO2 0.01 0.01 0.04 0.00 0.00 0.00 0.00 0.00 0.05
Al2O3 0.16 0.12 0.24 0.18 0.15 0.24 0.08 0.07 0.27
FeO   31.41 31.69 31.28 31.09 30.91 32.07 32.02 31.72 31.47
MnO   0.18 0.29 0.16 0.14 0.17 0.22 0.31 0.30 0.15
MgO   0.02 0.00 0.02 0.02 0.00 0.00 0.02 0.02 0.03
CaO   33.55 33.18 33.34 33.17 33.53 33.37 33.34 33.66 33.49
Na2O  0.00 0.02 0.00 0.02 0.04 0.00 0.04 0.01 0.00
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Total 100.32 100.72 100.24 99.90 100.16 101.33 101.32 101.36 100.97
Fe2O3 31.41 31.58 31.28 31.09 30.91 31.76 31.75 31.72 31.47
FeO   0.00 0.10 0.00 0.00 0.00 0.27 0.24 0.00 0.00
Total 100.32 100.71 100.24 99.90 100.16 101.30 101.30 101.36 100.97
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.96 2.98 2.97 2.99 2.99 2.96 2.97 2.98 2.98
C Site Al4+ 0.04 0.02 0.03 0.01 0.01 0.04 0.03 0.02 0.02
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 2.00 2.00 1.99 1.98 1.97 2.00 2.00 2.00 1.99
B Site Sum 2.00 2.00 1.99 1.99 1.97 2.00 2.00 2.00 1.99
A site Fe2+ 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.00 0.00
A site Mn+ 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.01
A Site Mg+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Ca2+ 3.04 2.99 3.02 3.01 3.04 2.99 2.99 3.02 3.01
A site Sum 3.06 3.02 3.03 3.02 3.05 3.03 3.03 3.04 3.02
Total Cation Sum 8.06 8.02 8.03 8.01 8.02 8.03 8.03 8.04 8.01
End Members (%)
% Andradite 100.0 99.7 100.0 99.7 99.8 99.7 99.7 100.0 99.8
% Grossular 0.0 0.0 0.0 0.3 0.2 0.0 0.0 0.0 0.2
% Pyralspite 0.0 0.3 0.0 0.0 0.0 0.3 0.3 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name 982 855m sp1gt 982 855m sp1gt 982 800m sp2gt 982 800m sp2gt 982 800m sp2gt 982 800m sp2gt 982 800m sp2gt 982 800m sp1gt 982 800m sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 35.41 35.33 35.46 35.27 35.31 35.39 35.47 35.34 35.16
TiO2 0.00 0.00 0.04 0.02 0.00 0.00 0.07 0.00 0.01
Al2O3 0.31 0.37 0.08 0.18 0.20 0.26 0.64 0.01 0.02
FeO   31.46 30.49 31.37 31.10 31.00 30.87 30.60 31.93 31.62
MnO   0.35 0.16 0.14 0.14 0.11 0.12 0.13 0.18 0.23
MgO   0.06 0.01 0.06 0.03 0.07 0.07 0.02 0.00 0.06
CaO   32.88 33.65 33.32 33.92 33.86 33.91 34.09 33.23 33.21
Na2O  0.00 0.00 0.02 0.00 0.04 0.00 0.02 0.03 0.00
K2O   0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Total 100.49 100.01 100.48 100.66 100.61 100.61 101.04 100.73 100.30
Fe2O3 31.37 30.49 31.37 31.10 31.00 30.87 30.60 31.57 31.42
FeO   0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.18
Total 100.49 100.01 100.48 100.66 100.61 100.61 101.04 100.69 100.28
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.98 2.99 2.99 2.97 2.97 2.98 2.97 2.98 2.97
C Site Al4+ 0.02 0.01 0.01 0.03 0.03 0.02 0.03 0.02 0.03
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.01 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.00
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.99 1.94 1.99 1.97 1.96 1.95 1.93 2.00 2.00
B Site Sum 2.00 1.96 1.99 1.97 1.96 1.96 1.96 2.00 2.00
A site Fe2+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01
A site Mn+ 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02
A Site Mg+ 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01
A site Ca2+ 2.97 3.05 3.01 3.06 3.06 3.06 3.06 3.00 3.01
A site Sum 3.01 3.06 3.02 3.07 3.07 3.07 3.07 3.03 3.04
Total Cation Sum 8.01 8.02 8.02 8.05 8.04 8.03 8.03 8.03 8.04
End Members (%)
% Andradite 98.3 98.8 100.0 100.0 100.0 99.8 98.4 99.9 100.0
% Grossular 0.6 1.2 0.0 0.0 0.0 0.2 1.6 0.0 0.0
% Pyralspite 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
1FeO calculated based on B site = 2.0
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Analysis Name 982 800m sp1gt 982 800m sp1gt 982 701m sp1gt 982 701m sp1gt 982 701m sp1gt 982 701m sp1gt 982 701m sp1gt 937W4 1039m sp2gt 937W4 1039m sp2gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 35.28 35.71 35.60 35.62 35.62 35.80 35.75 35.23 35.12
TiO2 0.00 0.07 0.00 0.00 0.02 0.02 0.03 0.03 0.04
Al2O3 0.04 0.23 1.13 0.70 1.31 1.14 1.44 0.00 0.14
FeO   31.67 31.54 30.59 30.26 30.04 29.87 29.63 31.86 31.34
MnO   0.17 0.23 0.13 0.07 0.09 0.10 0.12 0.19 0.12
MgO   0.09 0.00 0.08 0.20 0.02 0.10 0.03 0.08 0.09
CaO   33.36 33.03 34.00 34.25 34.01 34.16 33.65 33.38 34.00
Na2O  0.02 0.04 0.00 0.00 0.05 0.00 0.00 0.00 0.02
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Total 100.62 100.84 101.53 101.10 101.16 101.20 100.64 100.79 100.87
Fe2O3 31.54 31.37 30.59 30.26 30.04 29.87 29.63 31.53 31.34
FeO   0.11 0.15 0.00 0.00 0.00 0.00 0.00 0.29 0.00
Total 100.61 100.83 101.53 101.10 101.16 101.20 100.64 100.76 100.87
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.97 2.99 2.96 2.97 2.97 2.98 2.98 2.97 2.96
C Site Al4+ 0.03 0.01 0.04 0.03 0.03 0.02 0.02 0.03 0.04
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.00 0.02 0.07 0.04 0.09 0.09 0.13 0.00 0.00
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 2.00 1.98 1.91 1.90 1.88 1.87 1.86 2.00 1.98
B Site Sum 2.00 2.00 1.98 1.95 1.98 1.96 1.99 2.00 1.99
A site Fe2+ 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00
A site Mn+ 0.01 0.02 0.01 0.00 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.01 0.00 0.01 0.03 0.00 0.01 0.00 0.01 0.01
A site Ca2+ 3.01 2.97 3.03 3.06 3.03 3.05 3.01 3.01 3.07
A site Sum 3.04 2.99 3.05 3.09 3.04 3.07 3.02 3.06 3.09
Total Cation Sum 8.04 7.99 8.03 8.04 8.02 8.03 8.01 8.06 8.07
End Members (%)
% Andradite 100.0 98.1 96.5 97.8 95.2 95.4 93.6 100.0 100.0
% Grossular 0.0 0.8 3.5 2.2 4.8 4.6 6.4 0.0 0.0
% Pyralspite 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name 937W4 1039m sp2gt 937W4 1039m sp2gt 937W4 1039m sp1gt 937W4 1039m sp1gt 937W4 1039m sp1gt 937W4 1039m sp1gt 937W3 975m sp2gt 937W3 975m sp2gt 937W3 975m sp2gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 34.84 35.33 35.44 35.22 35.42 35.34 35.16 34.64 35.00
TiO2 0.02 0.00 0.04 0.07 0.00 0.01 0.00 0.03 0.00
Al2O3 0.47 0.87 1.04 1.46 1.93 1.96 0.05 0.11 0.12
FeO   31.83 30.79 30.01 29.48 28.24 28.23 31.51 31.28 31.21
MnO   0.13 0.43 0.20 0.21 0.17 0.18 0.11 0.10 0.16
MgO   0.00 0.06 0.08 0.06 0.12 0.09 0.08 0.15 0.11
CaO   33.23 33.34 33.93 33.81 34.14 34.12 33.91 34.50 33.88
Na2O  0.00 0.00 0.00 0.04 0.05 0.01 0.00 0.01 0.02
K2O   0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total 100.54 100.82 100.75 100.35 100.07 99.94 100.82 100.82 100.50
Fe2O3 31.47 30.79 30.01 29.48 28.24 28.23 31.51 31.28 31.21
FeO   0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.50 100.82 100.75 100.35 100.07 99.94 100.82 100.82 100.50
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.94 2.96 2.97 2.96 2.97 2.97 2.96 2.92 2.96
C Site Al4+ 0.06 0.04 0.03 0.04 0.03 0.03 0.04 0.08 0.04
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.00 0.05 0.07 0.10 0.16 0.16 0.00 0.00 0.00
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 2.00 1.94 1.89 1.86 1.78 1.78 2.00 1.99 1.98
B Site Sum 2.00 1.99 1.96 1.97 1.94 1.95 2.00 1.99 1.98
A site Fe2+ 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
A site Ca2+ 3.00 3.00 3.04 3.04 3.07 3.07 3.06 3.12 3.07
A site Sum 3.04 3.03 3.07 3.06 3.09 3.09 3.08 3.15 3.09
Total Cation Sum 8.04 8.02 8.03 8.03 8.04 8.04 8.07 8.14 8.08
End Members (%)
% Andradite 100.0 97.4 96.4 94.9 91.7 91.7 100.0 100.0 100.0
% Grossular 0.0 2.4 3.6 5.1 8.3 8.3 0.0 0.0 0.0
% Pyralspite 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name 937W3 975m sp2gt 937W3 975m sp2gt 937W3 975m sp1gt 937W3 975m sp1gt 937W3 975m sp1gt 937W3 975m sp1gt 937W3 975m sp1gt 937W3 975m sp1gt 937W3 975m sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 35.19 35.36 35.13 35.26 35.17 34.95 35.00 35.25 35.31
TiO2 0.00 0.00 0.00 0.07 0.05 0.00 0.02 0.00 0.00
Al2O3 0.31 1.12 0.19 0.47 0.20 0.00 0.20 0.43 1.34
FeO   30.95 28.75 31.67 31.64 31.32 31.12 31.34 31.15 29.09
MnO   0.12 0.11 0.23 0.20 0.23 0.20 0.24 0.21 0.12
MgO   0.14 0.20 0.04 0.02 0.03 0.14 0.15 0.01 0.17
CaO   33.92 34.70 33.55 33.43 33.57 33.86 34.08 33.50 34.65
Na2O  0.00 0.05 0.00 0.01 0.03 0.00 0.00 0.02 0.03
K2O   0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Total 100.64 100.30 100.82 101.10 100.61 100.28 101.04 100.58 100.72
Fe2O3 30.95 28.75 31.57 31.63 31.32 31.12 31.34 31.15 29.09
FeO   0.00 0.00 0.09 0.01 0.00 0.00 0.00 0.00 0.00
Total 100.64 100.30 100.81 101.10 100.61 100.28 101.04 100.58 100.72
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.96 2.97 2.96 2.95 2.96 2.96 2.94 2.97 2.96
C Site Al4+ 0.04 0.03 0.04 0.05 0.04 0.04 0.06 0.03 0.04
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.01 0.09
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.96 1.82 2.00 1.99 1.99 1.98 1.98 1.97 1.83
B Site Sum 1.96 1.90 2.00 2.00 1.99 1.98 1.98 1.98 1.92
A site Fe2+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.01
A Site Mg+ 0.02 0.03 0.01 0.00 0.00 0.02 0.02 0.00 0.02
A site Ca2+ 3.06 3.12 3.03 3.00 3.03 3.07 3.07 3.02 3.11
A site Sum 3.09 3.16 3.05 3.02 3.05 3.10 3.11 3.04 3.14
Total Cation Sum 8.05 8.06 8.05 8.02 8.04 8.09 8.09 8.02 8.06
End Members (%)
% Andradite 100.0 95.7 100.0 100.0 100.0 100.0 100.0 99.5 95.4
% Grossular 0.0 4.3 0.0 0.0 0.0 0.0 0.0 0.5 4.6
% Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name 937W3 975m sp1gt 937W3 975m sp1gt 937W3 975m sp1gt 841 530m sp1gt 841 530m sp1gt 841 530m sp1gt 841 530m sp1gt 841 530m sp1gt 841 530m sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 35.26 35.48 35.58 35.19 34.62 34.87 35.19 35.16 35.44
TiO2 0.06 0.06 0.02 0.00 0.00 0.00 0.00 0.09 0.00
Al2O3 1.75 1.77 2.56 0.01 0.02 0.05 0.06 0.09 0.10
FeO   28.85 28.96 28.24 30.80 31.10 30.72 31.30 30.65 30.15
MnO   0.07 0.10 0.09 0.16 0.16 0.16 0.17 0.09 0.09
MgO   0.12 0.11 0.23 0.04 0.00 0.03 0.03 0.02 0.01
CaO   34.04 34.22 34.32 34.09 33.77 33.76 33.75 34.11 33.84
Na2O  0.05 0.02 0.03 0.00 0.00 0.05 0.00 0.01 0.03
K2O   0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01
Total 100.20 100.72 101.08 100.29 99.68 99.66 100.50 100.22 99.68
Fe2O3 28.85 28.96 28.24 30.80 31.10 30.72 31.30 30.65 30.15
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.20 100.72 101.08 100.29 99.68 99.66 100.50 100.22 99.68
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.96 2.96 2.95 2.98 2.95 2.97 2.97 2.97 3.01
C Site Al4+ 0.04 0.04 0.05 0.02 0.05 0.03 0.03 0.03 0.00
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.01
B Site Al4+ 0.13 0.13 0.20 0.00 0.00 0.00 0.00 0.00 0.01
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
B Site Fe3+ 1.82 1.82 1.76 1.96 2.00 1.97 1.99 1.95 1.92
B Site Sum 1.96 1.96 1.96 1.96 2.00 1.97 1.99 1.96 1.93
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.01 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00
A site Ca2+ 3.06 3.06 3.05 3.09 3.09 3.08 3.05 3.09 3.08
A site Sum 3.08 3.08 3.08 3.11 3.10 3.10 3.07 3.10 3.08
Total Cation Sum 8.04 8.04 8.04 8.07 8.09 8.06 8.06 8.06 8.02
End Members (%)
% Andradite 93.3 93.1 89.9 100.0 100.0 100.0 100.0 100.0 99.5
% Grossular 6.7 6.9 10.1 0.0 0.0 0.0 0.0 0.0 0.5
% Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name 841 530m sp1gt 841 530m sp1gt 841 339m sp2gt 841 339m sp2gt 841 339m sp2gt 841 339m sp2gt 841 339m sp2gt 841 339m sp2gt 841 339m sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2  35.17 35.06 35.28 35.56 35.28 35.45 35.36 36.25 34.94
TiO2  0.02 0.00 0.03 0.00 0.00 0.06 0.00 0.10 0.00
Al2O3 0.19 0.35 0.21 0.36 0.15 0.56 0.62 5.47 0.14
FeO   30.75 30.90 30.40 30.62 30.10 30.38 30.13 22.32 31.15
MnO   0.10 0.20 0.12 0.08 0.10 0.12 0.11 0.12 0.16
MgO   0.03 0.04 0.12 0.10 0.11 0.09 0.08 0.16 0.07
CaO   33.80 34.14 34.10 34.46 34.24 34.18 34.51 35.24 33.96
Na2O  0.00 0.02 0.04 0.00 0.03 0.01 0.00 0.00 0.00
K2O   0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Total 100.06 100.72 100.30 101.18 100.02 100.85 100.80 99.67 100.43
Fe2O3 30.75 30.90 30.40 30.62 30.10 30.38 30.13 22.32 31.15
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.06 100.72 100.30 101.18 100.02 100.85 100.80 99.67 100.43
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.98 2.95 2.98 2.97 2.99 2.97 2.97 2.99 2.95
C Site Al4+ 0.02 0.05 0.02 0.03 0.01 0.03 0.03 0.01 0.05
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.00 0.00 0.00 0.01 0.00 0.03 0.03 0.52 0.00
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
B Site Fe3+ 1.96 1.96 1.93 1.93 1.92 1.92 1.90 1.38 1.98
B Site Sum 1.96 1.96 1.93 1.94 1.92 1.95 1.93 1.91 1.98
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
A site Ca2+ 3.07 3.08 3.08 3.09 3.11 3.07 3.10 3.11 3.08
A site Sum 3.08 3.10 3.11 3.11 3.13 3.09 3.12 3.14 3.10
Total Cation Sum 8.03 8.06 8.04 8.04 8.05 8.04 8.05 8.05 8.08
End Members (%)
% Andradite 100.2 100.0 100.0 99.5 99.9 98.6 98.5 72.7 100.0
% Grossular -0.2 0.0 0.0 0.5 0.1 1.4 1.5 27.3 0.0
% Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name 841 339m sp1gt 841 339m sp1gt 841 339m sp1gt 841 339m sp1gt 841 339m sp1gt 841 339m sp1gt 
Skarn Type Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn Other Exoskarn
SiO2 35.29 35.14 35.22 35.19 35.99 35.82
TiO2 0.03 0.07 0.07 0.05 0.05 0.03
Al2O3 0.25 0.02 0.00 0.10 3.76 3.81
FeO   31.19 31.02 30.82 30.31 26.21 26.00
MnO   0.16 0.10 0.13 0.20 0.13 0.16
MgO   0.02 0.12 0.28 0.15 0.07 0.09
CaO   33.91 33.95 34.19 33.77 34.51 34.58
Na2O  0.00 0.00 0.02 0.00 0.03 0.00
K2O   0.00 0.00 0.00 0.00 0.01 0.00
Total 100.85 100.43 100.73 99.78 100.77 100.49
Fe2O3 31.19 31.02 30.82 30.31 26.21 26.00
FeO   0.00 0.00 0.00 0.00 0.00 0.00
Total 100.85 100.43 100.73 99.78 100.77 100.49
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.97 2.97 2.97 2.99 2.97 2.96
C Site Al4+ 0.03 0.03 0.03 0.01 0.03 0.04
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.00 0.00 0.00 0.00 0.33 0.33
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.97 1.97 1.95 1.94 1.63 1.62
B Site Sum 1.97 1.98 1.96 1.94 1.96 1.95
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.00 0.01 0.04 0.02 0.01 0.01
A site Ca2+ 3.05 3.07 3.08 3.07 3.05 3.06
A site Sum 3.07 3.09 3.13 3.10 3.07 3.09
Total Cation Sum 8.04 8.07 8.09 8.04 8.03 8.04
End Members (%)
% Andradite 100.0 100.0 100.0 100.0 83.0 82.9
% Grossular 0.0 0.0 0.0 0.0 17.0 17.1
% Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Appendix 1.4: Feldspar Compositions by Electron Microprobe
Analysis Name MQ121 283m albite MQ121 283m albite MQ121 283m albite MQ121 283m albite MQ121 283m kspar MQ121 283m kspar MQ121 283m kspar
Na2O  9.70 9.67 11.15 11.39 0.29 0.28 0.25
Al2O3 18.11 17.14 19.85 19.95 18.67 18.62 18.85
SiO2 68.54 69.11 70.01 70.34 66.38 65.62 67.26
K2O   0.07 0.07 0.07 0.07 16.65 16.14 16.80
CaO 4.46 7.46 0.88 0.64 0.02 0.03 0.01
FeO 0.06 0.12 0.05 0.03 -0.02 0.00 0.00
Total 100.93 103.57 102.01 102.43 101.99 100.70 103.17
General Solid Solution Formula CaAl2Si2O8-CaAlSi3O8-KAlSi3O8
Cations based on 8 oxygen
Si4+ 2.99 2.97 3.00 3.00 3.01 3.00 3.01
Al4+ 0.93 0.87 1.00 1.00 1.00 1.00 0.99
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca2+ 0.21 0.34 0.04 0.03 0.00 0.00 0.00
Na+ 0.82 0.81 0.93 0.94 0.03 0.03 0.02
K+ 0.00 0.00 0.00 0.00 0.96 0.94 0.96
Total Cations 4.96 5.00 4.97 4.97 4.99 4.98 4.98
End Member Compositions (%)
Anorthite 20 30 4 3 0 0 0
Orthoclase 0 0 0 0 97 97 98
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Appendix 1.5: Re-Os Geochronology Data
Sample Name Re ppm + 2 sigma
187Re ppb + 2 sigma 187Os ppb + 2 sigma Model Age + 2 sigma
1015-685m 0.5332 0.0016 335.1 1 1.793 0.003 320.3 1.5
1015-685m NM 0.4554 0.0013 286.2 0.8 1.538 0.004 321.7 1.6
995 0.209 0.0008 0.1314 0.0005 0.779 0.03 355 14
Analysis Name 207Pb/206Pb +/- 2σ 206Pb/238U
Appendix 1.6: LA-ICPMS U-Pb Data    
+/- 2σ            207Pb/235U         +/- 2σ 207Pb/206Pb +/- 2σ 206Pb/238U +/- 2σ 207Pb/235U +/- 2σ
DH982_777m_15 0.167 0.018 0.1 0.021 3.5 1.2 2527.8 180.9 614.4 121.9 1527.2 240.0
DH982_777m_20 0.228 0.02 0.105 0.019 3.79 0.8 3038.1 140.6 643.6 109.9 1590.6 156.8
DH982_777m_16 0.0695 0.0039 0.0606 0.0041 0.652 0.083 913.6 115.5 379.3 24.9 509.7 49.8
DH982_777m_13 0.0716 0.0045 0.0562 0.0027 0.596 0.065 974.6 128.1 352.5 16.5 474.7 40.5
DH982_777m_18 0.0763 0.0037 0.05602 0.002 0.586 0.039 1103.0 97.0 351.4 12.2 468.3 24.7
DH982_777m_7 0.0567 0.0023 0.05386 0.002 0.4202 0.025 479.9 89.6 338.2 12.2 356.2 17.7
DH982_777m_11 0.1061 0.0076 0.0582 0.0031 0.99 0.13 1733.5 131.4 364.7 18.9 698.7 64.3
DH982_777m_19 0.0638 0.0036 0.05274 0.0019 0.474 0.038 735.0 119.5 331.3 11.6 393.9 25.8
DH982_777m_2 0.1066 0.0065 0.05554 0.0021 0.823 0.063 1742.1 111.7 348.4 12.8 609.7 34.5
DH982_777m_12 0.1022 0.0071 0.05486 0.0021 0.798 0.073 1664.5 128.6 344.3 12.8 595.7 40.4
DH982_777m_4 0.0593 0.0032 0.05145 0.0019 0.42 0.029 578.1 117.3 323.4 11.6 356.1 20.5
DH982_777m_14 0.121 0.013 0.0555 0.0026 1.18 0.22 1971.0 191.5 348.2 15.9 791.3 97.6
DH982_777m_9 0.0891 0.0059 0.053 0.0025 0.641 0.049 1406.3 126.8 332.9 15.3 502.9 29.9
DH982_777m_17 0.0946 0.0084 0.0524 0.0025 0.704 0.09 1520.1 167.4 329.2 15.3 541.2 52.3
DH982_777m_6 0.0558 0.0024 0.05337 0.0019 0.409 0.025 444.4 95.6 335.2 11.6 348.2 17.9
DH982_777m_3 0.0545 0.0024 0.05325 0.002 0.396 0.024 391.8 98.8 334.4 12.2 338.7 17.3
DH982_777m_5 0.0547 0.0031 0.05284 0.0021 0.396 0.027 400.0 127.0 331.9 12.8 338.7 19.5
DH982_777m_8 0.05411 0.0021 0.05208 0.0019 0.3854 0.022 375.6 87.3 327.3 11.6 331.0 16.0
DH982_777m_1 0.0536 0.0022 0.05137 0.0018 0.3805 0.022 354.3 92.7 322.9 11.0 327.4 16.1
DH982_777m_10 0.0532 0.0026 0.05114 0.0019 0.366 0.023 337.3 110.7 321.5 11.6 316.7 17.0
Analysis Name 207Pb/206Pb +/- 2σ 206Pb/238U +/- 2σ 207Pb/235U +/- 2σ 207Pb/206Pb +/- 2σ 206Pb/238U +/- 2σ 207Pb/235U +/- 2σ
gps464_27 0.068 0.0026 0.05 0.0017 0.467 0.025 868.6 79.2 314.5 10.4 389.1 17.2
gps464_9 0.2262 0.0071 0.0637 0.0022 1.988 0.12 3025.4 50.3 398.1 13.3 1111.4 40.0
gps464_20 0.0569 0.0016 0.05057 0.0015 0.399 0.019 487.7 62.1 318.0 9.2 340.9 13.7
gps464_40 0.0564 0.0029 0.0506 0.0017 0.398 0.026 468.1 113.9 318.2 10.4 340.2 18.7
gps464_36 0.0572 0.002 0.05071 0.0015 0.404 0.021 499.3 77.0 318.9 9.2 344.5 15.1
gps464_37 0.0565 0.0021 0.05073 0.0016 0.4 0.022 472.1 82.2 319.0 9.8 341.6 15.8
gps464_30 0.0556 0.0026 0.0507 0.0017 0.39 0.024 436.4 104.1 318.8 10.4 334.4 17.4
gps464_16 0.0757 0.0021 0.05203 0.0015 0.548 0.026 1087.1 55.6 327.0 9.2 443.7 16.9
gps464_15 0.0577 0.0016 0.05086 0.0015 0.405 0.018 518.4 60.9 319.8 9.2 345.3 12.9
gps464_41 0.0579 0.0019 0.05099 0.0016 0.41 0.02 526.0 71.9 320.6 9.8 348.9 14.3
gps464_19 0.0587 0.0016 0.05119 0.0015 0.416 0.019 556.0 59.5 321.8 9.2 353.2 13.5
gps464_39 0.0905 0.0048 0.05335 0.0017 0.674 0.045 1436.1 101.1 335.1 10.4 523.1 26.9
gps464_35 0.059 0.0018 0.05126 0.0015 0.422 0.02 567.1 66.4 322.3 9.2 357.5 14.2
gps464_24 0.0578 0.0016 0.05136 0.0015 0.4095 0.018 522.2 60.7 322.9 9.2 348.5 12.9
gps464_21 0.0554 0.0025 0.05128 0.0016 0.391 0.023 428.4 100.6 322.4 9.8 335.1 16.7
gps464_43 0.0583 0.0015 0.05147 0.0015 0.418 0.019 541.1 56.3 323.5 9.2 354.6 13.5
gps464_11 0.0582 0.0025 0.0516 0.0017 0.413 0.023 537.3 94.0 324.3 10.4 351.0 16.4
gps464_22 0.0584 0.002 0.05162 0.0016 0.415 0.021 544.8 74.8 324.5 9.8 352.5 15.0
gps464_48 0.0697 0.0038 0.05239 0.0017 0.503 0.031 919.5 112.1 329.2 10.4 413.7 20.7
gps464_8 0.0648 0.0031 0.05209 0.0015 0.459 0.027 767.8 100.8 327.3 9.2 383.6 18.6
gps464_26 0.0565 0.0016 0.05192 0.0015 0.405 0.019 472.1 62.7 326.3 9.2 345.3 13.6
gps464_45 0.0551 0.0019 0.05185 0.0016 0.395 0.019 416.3 77.0 325.9 9.8 338.0 13.7
gps464_25 0.0581 0.002 0.05207 0.0017 0.417 0.02 533.5 75.4 327.2 10.4 353.9 14.2
gps464_47 0.0549 0.0018 0.05192 0.0016 0.396 0.019 408.2 73.4 326.3 9.8 338.7 13.7
gps464_31 0.0691 0.0058 0.0529 0.002 0.505 0.045 901.7 173.1 332.3 12.2 415.1 29.9
gps464_4 0.055 0.0016 0.05198 0.0016 0.393 0.018 412.2 65.0 326.7 9.8 336.6 13.0
gps464_49 0.0561 0.0016 0.05214 0.0016 0.405 0.019 456.3 63.3 327.6 9.8 345.3 13.6
gps464_32 0.0646 0.0058 0.0527 0.0022 0.467 0.036 761.3 189.3 331.1 13.5 389.1 24.6
gps464_42 0.1211 0.009 0.0573 0.0019 0.968 0.084 1972.5 132.4 359.2 11.6 687.4 42.4
gps464_2 0.0539 0.0014 0.05042 0.0015 0.3762 0.016 366.9 58.5 317.1 9.2 324.2 11.7
gps464_1 0.0539 0.0016 0.05046 0.0015 0.375 0.018 366.9 66.9 317.3 9.2 323.4 13.2
gps464_38 0.0543 0.0029 0.0505 0.0017 0.382 0.024 383.5 120.0 317.6 10.4 328.5 17.5
gps464_23 0.0543 0.0016 0.05055 0.0015 0.381 0.018 383.5 66.2 317.9 9.2 327.8 13.1
gps464_28 0.054 0.0015 0.05063 0.0015 0.3771 0.017 371.0 62.6 318.4 9.2 324.9 12.5
gps464_12 0.0534 0.0023 0.05092 0.0016 0.374 0.02 345.8 97.4 320.2 9.8 322.6 14.7
gps464_13 0.0543 0.0019 0.05129 0.0016 0.382 0.018 383.5 78.6 322.4 9.8 328.5 13.1
gps464_17 0.053 0.0014 0.05127 0.0015 0.3764 0.017 328.8 59.9 322.3 9.2 324.4 12.5
gps464_29 0.0538 0.0015 0.05148 0.0015 0.3834 0.018 362.7 62.9 323.6 9.2 329.5 13.1
gps464_34 0.0523 0.002 0.05139 0.0016 0.377 0.021 298.5 87.2 323.0 9.8 324.8 15.4
gps464_46 0.0526 0.0014 0.05154 0.0016 0.3777 0.017 311.6 60.6 324.0 9.8 325.3 12.5
gps464_33 0.053 0.0016 0.05161 0.0016 0.379 0.018 328.8 68.5 324.4 9.8 326.3 13.2
gps464_10 0.0537 0.0015 0.05177 0.0015 0.385 0.018 358.5 63.0 325.4 9.2 330.7 13.1
gps464_5 0.0528 0.0013 0.05177 0.0016 0.3765 0.017 320.2 55.9 325.4 9.8 324.5 12.5
gps464_6 0.0541 0.0014 0.05202 0.0015 0.3871 0.017 375.2 58.2 326.9 9.2 332.2 12.4
gps464_50 0.0531 0.0029 0.052 0.0019 0.381 0.022 333.1 123.8 326.8 11.6 327.8 16.0
gps464_14 0.0537 0.0014 0.05211 0.0015 0.3859 0.017 358.5 58.8 327.5 9.2 331.4 12.4
gps464_44 0.054 0.0014 0.05241 0.0015 0.3945 0.018 371.0 58.4 329.3 9.2 337.7 13.0
gps464_51 0.0536 0.0017 0.0528 0.0016 0.392 0.018 354.3 71.6 331.7 9.8 335.8 13.0
gps464_7 0.0539 0.0013 0.05286 0.0016 0.3893 0.017 366.9 54.4 332.1 9.8 333.9 12.3
gps464_18 0.0545 0.0016 0.05303 0.0016 0.3989 0.018 391.8 65.9 333.1 9.8 340.9 13.0
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Appendix 1.7: C-O Isotope Data
Analysis Name Rock Type ᵟ13C  ‰VPDB ᵟ18O ‰VPDB ᵟ18O ‰VSMOW
984 643.3m Garnet-Magnetite Skar -3.57 -17.61 12.75
984 723.8m Garnet-Magnetite Skar -7.93 -18.49 11.85
984 725.7m Garnet-Magnetite Skar -8.15 -17.85 12.51
984 728m Garnet-Magnetite Skar -8.47 -18.08 12.28
984 734.8m Garnet-Magnetite Skar -6.57 -19.20 11.12
984 738m Garnet-Magnetite Skar -6.88 -19.94 10.35
984 740.1m Garnet-Magnetite Skar -7.07 -17.86 12.50
984 742.4m White Marble -0.15 -18.22 12.12
984 750.5m White Marble 1.82 -14.63 15.83
984 755.3m White Marble 3.99 -10.35 20.24
984 758m White Marble 0.59 -10.46 20.13
984 764.2m White Marble 1.75 -9.26 21.36
984 770.4m White Marble 2.14 -7.74 22.93
984 776.7m White Marble 1.17 -9.77 20.84
984 782m White Marble 2.52 -7.43 23.25
984 802.86m White Marble 3.13 -9.11 21.51
984 814m White Marble 2.26 -10.12 20.48
984 834m White Marble 3.66 -7.98 22.68
KVD67 412m Limestone 2.06 -6.52 24.19
KVD67 516m Limestone 1.96 -8.97 21.66
KVD67 555m Limestone 0.96 -10.71 19.87
KVD67 603m Limestone 0.89 -10.25 20.34
KVD67 815m Limestone 1.18 -11.59 18.97
KVD67 927m Limestone 0.85 -10.29 20.30
Appendix 1.8: Fluid Inclusion Data
Quartz Type 250-300°C 300-350°C 350-400°C 400-450°C 450-500°C 500-550°C 550-600°C
UST Quartz 0 1 0 2 0 3 1
Miarolitic Cavity 3 4 4 4 2 0 0
Quartz Stockwork 0 1 0 0 1 0 0
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Appendix 2.1: Whole Rock Geochemistry
Wgt SiO2 Al2O3 Total Fe FeO Fe2O3 Fe2O3/FeO MgO CaO Na2O K2O
KG % % % % % % % % %
DL: 0.01 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.01
Sample Name Rock Type WGHT LF200 LF200 LF200 GC806 LF200 LF200 LF200 LF200 LF200
MUD351 158.2 Rhyolite Porphyry 0.11 74.96 13.26 1.18 0.9 0.28 0.31 0.07 0.65 3.77 4.93
MG16-015 Rhyolite Porphyry 0.29 77.11 9.44 1.98 1.48 0.5 0.34 0.12 2.56 0.14 5.34
MUD537 265 Rhyolite Porphyry 0.11 75.98 12.28 1.76 1.4 0.36 0.26 0.05 0.66 3.62 4.3
883W3 1023A Granite 0.13 74 12.32 1.69 1.2 0.49 0.41 0.18 1.66 2.79 4.7
883W3 1023B Granite 0.1 74.71 12.62 1.88 1.4 0.48 0.34 0.2 1.01 2.73 4.87
MUD351 158.2 Rhyolite Porphyry 0.11 74.96 13.26 1.18 0.9 0.28 0.31 0.07 0.65 3.77 4.93
895 734 Marble 0.09 1.51 0.01 0.16 N.A. N.A 0.38 55.17 <0.01 <0.01
895 746 Marble 0.07 1.06 0.05 0.12 N.A. N.A 0.66 54.72 <0.01 0.01
895 761 Marble 0.07 1.82 0.03 0.21 N.A. N.A 0.89 54.05 0.02 0.02
CG17-278 Granite Porphyry 0.47 71 14.28 2.26 1.48 0.78 0.53 1.08 0.62 3.2 5.07
Dup;icates
895 734 0.09 1.51 0.01 0.16 N.A. N.A 0.38 55.17 <0.01 <0.01
MUD537 265 0.11 75.98 12.28 1.76 1.4 0.36 0.26 0.05 0.66 3.62 4.3
TiO2 P2O5 MnO Cr2O3 Ba Sc LOI TOT/C TOT/S Sum Cs
% % % % PPM PPM % % % % PPM
0.01 0.01 0.01 0.002 1 1 -5.11 0.01 0.01 0.01 0.1
Sample Name Rock Type LF200 LF200 LF200 LF200 LF200 LF200 TG001 TC000 TC000 LF200 LF200
MUD351 158.2 Rhyolite Porphyry 0.02 <0.01 0.06 <0.002 33 13 1 0.04 <0.01 99.91 115.5
MG16-015 Rhyolite Porphyry 0.05 <0.01 0.03 <0.002 776 2 2.9 0.57 0.17 99.78 9.9
MUD537 265 Rhyolite Porphyry 0.04 <0.01 0.04 <0.002 62 4 1.2 0.1 0.02 99.93 4.7
883W3 1023A Granite 0.11 0.02 0.05 <0.002 452 4 2.4 0.31 0.04 99.96 7.3
883W3 1023B Granite 0.12 0.02 0.03 <0.002 457 4 1.7 0.15 0.03 99.97 8.6
MUD351 158.2 Rhyolite Porphyry 0.02 <0.01 0.06 <0.002 33 13 1 0.04 <0.01 99.91 115.5
895 734 Marble <0.01 0.14 <0.01 <0.002 7 <1 42.6 12.14 <0.01
99.95
<0.1
895 746 Marble 0.01 <0.01 <0.01 <0.002 12 <1 43.3 12.2 <0.01 99.92 <0.1
895 761 Marble <0.01 <0.01 <0.01 <0.002 9 <1 42.8 12.07 <0.01 99.9 <0.1
CG17-278 Granite Porphyry 0.23 0.06 0.03 <0.002 469 5 2 0.13 <0.01 99.91 12.4
Dup;icates
895 734 <0.01 0.14 <0.01 <0.002 7 <1 42.6 12.14 <0.01 99.95 <0.1
MUD537 265 0.04 <0.01 0.04 <0.002 62 4 1.2 0.1 0.02 99.93 4.7
Ga Hf Nb Rb Sn Sr Ta Th U V W
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM
0.5 0.1 0.1 0.1 1 0.5 0.1 0.2 0.1 8 0.5
Sample Name Rock Type LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200
MUD351 158.2 Rhyolite Porphyry 22.9 5.7 39.1 1210 10 10.1 9.8 31.4 19.6 15 22.3
MG16-015 Rhyolite Porphyry 13.4 4.6 9.9 162.7 5 42.5 0.8 19.7 2.8 15 1.3
MUD537 265 Rhyolite Porphyry 13.1 3.9 10.1 207.8 3 14.9 1.3 25 7.2 <8 1.4
883W3 1023A Granite 14.3 3.5 8.6 223.1 2 64 1 21.7 5.5 <8 5.1
883W3 1023B Granite 13 3.7 8.8 212.4 1 63.4 0.9 15 3.5 11 1.9
MUD351 158.2 Rhyolite Porphyry 22.9 5.7 39.1 1210 10 10.1 9.8 31.4 19.6 15 22.3
895 734 Marble <0.5 <0.1 <0.1 <0.1 <1 217.1 <0.1 <0.2 1.1 17 0.5
895 746 Marble <0.5 0.1 0.1 0.7 <1 337.6 <0.1 <0.2 0.2 10 <0.5
895 761 Marble <0.5 <0.1 <0.1 0.6 1 415.5 <0.1 <0.2 <0.1 <8 <0.5
CG17-278 Granite Porphyry 15.4 4 6.9 220.4 6 75.9 0.6 12.8 3.5 11 1.8
Dup;icates
895 734 <0.5 <0.1 <0.1 <0.1 <1 217.1 <0.1 <0.2 1.1 17 0.5
MUD537 265 13.1 3.9 10.1 207.8 3 14.9 1.3 25 7.2 <8 1.4
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Zr Y La Ce Pr Nd Sm Eu Gd Tb Dy
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM
0.1 0.1 0.1 0.1 0.02 0.3 0.05 0.02 0.05 0.01 0.05
Sample Name Rock Type LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200
MUD351 158.2 Rhyolite Porphyry 66.2 155.9 23.6 59.8 8.89 35.3 13.65 0.03 16.29 3.85 24.3
MG16-015 Rhyolite Porphyry 110.8 41.3 14.8 38.2 5.01 22.1 6.49 0.78 7.12 1.23 7.47
MUD537 265 Rhyolite Porphyry 92.4 41.7 28.4 63.7 7.56 29.1 6.76 0.16 6.65 1.15 6.83
883W3 1023A Granite 103.5 26.5 32.2 62.3 7.35 25.3 5.39 0.6 4.83 0.81 4.42
883W3 1023B Granite 106.9 24.8 25.5 48.3 5.83 21.1 4.6 0.59 4.41 0.79 4.46
MUD351 158.2 Rhyolite Porphyry 66.2 155.9 23.6 59.8 8.89 35.3 13.65 0.03 16.29 3.85 24.3
895 734 Marble 1.1 0.5 0.5 0.4 0.05 <0.3 <0.05 <0.02 0.06 <0.01 <0.05
895 746 Marble 4.4 0.8 0.8 1 0.11 0.4 0.07 <0.02 0.14 0.02 0.06
895 761 Marble 0.6 0.5 1.3 1.7 0.13 0.4 <0.05 <0.02 0.09 0.01 <0.05
CG17-278 Granite Porphyry 126 11.9 26.7 51.5 6.14 23.4 4.77 0.74 3.92 0.54 2.39
Dup;icates
895 734 1.1 0.5 0.5 0.4 0.05 <0.3 <0.05 <0.02 0.06 <0.01 <0.05
MUD537 265 92.4 41.7 28.4 63.7 7.56 29.1 6.76 0.16 6.65 1.15 6.83
Ho Er Tm Yb Lu Ni Mo Cu Pb Zn Ag
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPB
0.02 0.03 0.01 0.05 0.01 10 0.01 0.01 0.01 0.1 2
Sample Name Rock Type LF200 LF200 LF200 LF200 LF200 MA370 AQ252 AQ252 AQ252 AQ252 AQ252
MUD351 158.2 Rhyolite Porphyry 5.86 19.72 3.49 25.97 3.9 <10 2.37 5.88 52.83 67 45
MG16-015 Rhyolite Porphyry 1.6 4.65 0.64 4.04 0.59 <10 9.29 970.42 65.28 241.9 2645
MUD537 265 Rhyolite Porphyry 1.5 4.5 0.68 4.66 0.72 <10 0.82 45.2 18.4 52.3 57
883W3 1023A Granite 1.03 3.32 0.52 3.41 0.55 <10 0.57 3.85 12.85 91.5 38
883W3 1023B Granite 0.98 2.85 0.45 2.98 0.46 <10 0.52 4.24 8.83 67.1 19
MUD351 158.2 Rhyolite Porphyry 5.86 19.72 3.49 25.97 3.9 <10 2.37 5.88 52.83 67 45
895 734 Marble <0.02 <0.03 <0.01 <0.05 <0.01 <10 0.52 49.04 4.03 27.1 110
895 746 Marble 0.02 0.07 <0.01 0.06 <0.01 <10 0.74 118.51 3.51 34.9 172
895 761 Marble <0.02 0.04 <0.01 <0.05 <0.01 <10 0.1 148.59 4.47 42.3 368
CG17-278 Granite Porphyry 0.47 1.08 0.16 0.98 0.14 <10 0.17 15.95 25.08 48 42
Dup;icates
895 734 <0.02 <0.03 <0.01 <0.05 <0.01 <10 0.52 49.04 4.03 27.1 110
MUD537 265 1.5 4.5 0.68 4.66 0.72 <10 0.82 45.2 18.4 52.3 57
Ni Co Mn As Au Cd Sb Bi Cr B Tl
PPM PPM PPM PPM PPB PPM PPM PPM PPM PPM PPM
0.1 0.1 1 0.1 0.2 0.01 0.02 0.02 0.5 1 0.02
Sample Name Rock Type AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252
MUD351 158.2 Rhyolite Porphyry 2 0.6 475 324.6 0.5 0.03 14.34 0.05 4.5 4 0.95
MG16-015 Rhyolite Porphyry 1.3 0.2 244 66.8 839.6 1.26 14.91 5.46 3.4 1 0.19
MUD537 265 Rhyolite Porphyry 1.8 0.3 305 52.5 2.4 0.03 1.79 0.14 3.9 2 0.14
883W3 1023A Granite 1.4 1.2 353 2.1 <0.2 0.1 0.74 0.04 4.2 3 0.18
883W3 1023B Granite 1.2 1.2 253 3 0.4 0.02 0.38 0.05 3.1 <1 0.12
MUD351 158.2 Rhyolite Porphyry 2 0.6 475 324.6 0.5 0.03 14.34 0.05 4.5 4 0.95
895 734 Marble 0.2 <0.1 49 13 12.7 0.14 13.44 0.11 0.9 1 <0.02
895 746 Marble 0.8 0.3 47 25.4 48.1 0.08 0.62 0.16 1.9 3 <0.02
895 761 Marble <0.1 <0.1 55 9.2 19.9 0.09 1.29 0.12 0.8 3 <0.02
CG17-278 Granite Porphyry 3.3 2.6 253 5.6 <0.2 0.07 0.27 0.15 7.7 <1 0.1
Dup;icates
895 734 0.2 <0.1 49 13 12.7 0.14 13.44 0.11 0.9 1 <0.02
MUD537 265 1.8 0.3 305 52.5 2.4 0.03 1.79 0.14 3.9 2 0.14
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Hg Se Te Ge In Re Be Li Pd Pt
PPB PPM PPM PPM PPM PPB PPM PPM PPB PPB
5 0.1 0.02 0.1 0.02 1 0.1 0.1 10 2
Sample Name Rock Type AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252
MUD351 158.2 Rhyolite Porphyry <5 <0.1 <0.02 0.2 <0.02 <1 2.1 269.2 <10 <2
MG16-015 Rhyolite Porphyry 24 0.2 6.63 <0.1 0.51 1 0.8 11.3 <10 <2
MUD537 265 Rhyolite Porphyry <5 <0.1 <0.02 0.1 <0.02 <1 0.9 7.2 <10 <2
883W3 1023A Granite <5 <0.1 <0.02 <0.1 <0.02 <1 0.8 14 <10 <2
883W3 1023B Granite 6 <0.1 <0.02 <0.1 <0.02 <1 0.7 13.9 <10 <2
MUD351 158.2 Rhyolite Porphyry <5 <0.1 <0.02 0.2 <0.02 <1 2.1 269.2 <10 <2
895 734 Marble <5 <0.1 0.05 <0.1 <0.02 <1 <0.1 <0.1 <10 <2
895 746 Marble <5 0.1 0.29 <0.1 0.02 <1 <0.1 0.7 <10 <2
895 761 Marble 6 <0.1 0.15 <0.1 0.06 1 <0.1 0.2 <10 <2
CG17-278 Granite Porphyry 9 <0.1 <0.02 0.1 0.03 <1 1.4 26 <10 <2
Dup;icates
895 734 <5 <0.1 0.05 <0.1 <0.02 <1 <0.1 <0.1 <10 <2
MUD537 265 <5 <0.1 <0.02 0.1 <0.02 <1 0.9 7.2 <10 <2
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Appendix 2.2: Garnet Compositions by Microprobe
Analysis Name MUD207 115m sp2gt MUD207 115m sp2gt MUD207 115m sp2gt MUD207 115m sp2gt MUD207 115m sp2gt MUD207 115m sp1gt MUD207 115m sp1gt MUD207 115m sp1gt MUD207 115m sp1gt 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  37.58 37.37 38.23 37.14 37.56 37.16 37.21 37.26 37.33
TiO2  0.00 0.05 0.32 0.00 0.01 0.22 0.04 0.05 0.02
Al2O3 12.80 17.00 18.03 17.63 18.41 15.95 17.35 17.17 18.28
Fe2O3 12.94 8.03 6.08 5.88 5.86 9.25 6.99 7.15 6.08
MnO   1.69 2.10 1.98 3.17 4.21 2.67 3.55 3.62 3.55
MgO   0.06 0.00 0.02 0.02 0.03 0.00 0.01 0.01 0.02
CaO   35.34 34.99 35.18 34.36 33.11 33.79 33.85 33.65 33.97
Na2O  0.03 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.01
K2O   0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Total 100.44 99.57 99.84 98.21 99.20 99.04 99.00 98.91 99.25
Fe2O3
1 12.94 8.03 6.08 5.88 5.86 9.25 6.99 7.15 6.08
FeO 0 0 0 0 0 0 0 0 0
Total 100.44 99.56 99.84 98.20 99.20 99.04 99.00 98.91 99.25
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.97 2.93 2.96 2.94 2.94 2.94 2.93 2.94 2.92
C Site Al4+ 0.03 0.07 0.04 0.06 0.06 0.06 0.07 0.06 0.08
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 1.16 1.50 1.60 1.58 1.64 1.42 1.54 1.53 1.61
B Site Ti4+ 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00
B Site Fe3+ 0.77 0.47 0.35 0.35 0.35 0.55 0.41 0.42 0.36
B Site Sum 1.93 1.97 1.98 1.93 1.98 1.99 1.96 1.96 1.97
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.11 0.14 0.13 0.21 0.28 0.18 0.24 0.24 0.24
A Site Mg+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Ca2+ 2.99 2.94 2.92 2.91 2.78 2.86 2.86 2.84 2.85
A site Sum 3.11 3.08 3.05 3.13 3.06 3.04 3.10 3.09 3.09
Total Cation Sum 8.05 8.05 8.02 8.06 8.04 8.03 8.05 8.05 8.05
End Members (%)
Andradite 40 24 18 18 16 27 20 21 17
Grossular 60 74 80 80 77 69 75 74 78
Pyralspite 0 2 3 3 7 4 5 5 5
1FeO calculated based on B site = 2.0
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Analysis Name MUD090 136mB sp2gt MUD090 136mB sp2gt MUD090 136mB sp2gt MUD090 136mB sp2gt MUD090 136mB sp2gt MUD090 136mB sp2gt MUD090 136mB sp2gt MUD090 136mB sp2gt MUD090 136mA sp1gt 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  36.24 36.57 36.47 36.24 36.46 37.06 38.23 37.59 35.99
TiO2  0.00 0.08 0.05 0.09 0.05 0.20 0.74 0.52 0.09
Al2O3 5.19 5.39 5.56 5.50 5.49 7.86 16.52 17.77 3.80
Fe2O3 23.19 23.93 23.28 23.59 23.61 20.11 5.98 4.86 25.25
MnO   0.53 0.61 0.58 0.61 0.58 0.64 1.17 1.24 0.51
MgO   0.17 0.19 0.20 0.48 0.55 0.04 0.27 0.35 0.10
CaO   34.60 34.55 34.55 33.84 33.65 35.16 36.26 36.43 34.47
Na2O  0.00 0.00 0.03 0.00 0.01 0.00 0.02 0.02 0.01
K2O   0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Total 99.93 101.32 100.72 100.35 100.41 101.08 99.19 98.78 100.22
Fe2O3
1 23.19 23.93 23.28 23.59 23.61 20.11 5.98 4.86 25.25
FeO 0 0 0 0 0 0 0 0 0
Total 99.92 101.32 100.72 100.35 100.41 101.08 99.19 98.78 100.22
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.99 2.97 2.98 2.97 2.98 2.98 2.98 2.94 2.98
C Site Al4+ 0.01 0.03 0.02 0.03 0.02 0.02 0.02 0.06 0.02
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.49 0.49 0.51 0.50 0.51 0.72 1.50 1.58 0.35
B Site Ti4+ 0.00 0.00 0.00 0.01 0.00 0.01 0.04 0.03 0.01
B Site Fe3+ 1.44 1.46 1.43 1.45 1.45 1.22 0.35 0.29 1.57
B Site Sum 1.93 1.96 1.95 1.96 1.97 1.95 1.90 1.89 1.93
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.04 0.04 0.04 0.04 0.04 0.04 0.08 0.08 0.04
A Site Mg+ 0.02 0.02 0.02 0.06 0.07 0.00 0.03 0.04 0.01
A site Ca2+ 3.06 3.01 3.02 2.97 2.95 3.03 3.03 3.05 3.06
A site Sum 3.11 3.07 3.09 3.07 3.06 3.08 3.14 3.17 3.11
Total Cation Sum 8.04 8.03 8.03 8.03 8.02 8.03 8.04 8.07 8.04
End Members (%)
Andradite 75 75 74 74 73 63 19 15 82
Grossular 25 25 26 25 26 37 81 85 18
Pyralspite 0 0 0 1 2 0 0 0 0
1FeO calculated based on B site = 2.0
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Analysis Name MUD090 136mA sp1gt MUD090 136mA sp1gt MUD090 136mA sp1gt MUD090 136mA sp1gt MUD090 136mA sp1gt MUD090 136mA sp1gt MUD090 136mA sp1gt MUD090 136mA sp1gt MUD090 136mA sp1gt
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  36.16 36.30 36.24 36.58 36.44 36.58 37.28 37.23 36.43
TiO2  0.21 0.03 0.08 0.00 0.06 0.03 0.49 0.53 0.06
Al2O3 4.00 5.77 5.67 5.68 6.18 6.55 10.23 10.37 6.10
Fe2O3 24.91 22.70 22.13 20.14 21.70 20.51 14.55 14.04 19.95
MnO   0.40 0.39 0.53 0.60 0.54 0.58 0.68 0.70 0.59
MgO   0.26 0.24 0.16 0.18 0.18 0.24 0.27 0.28 0.18
CaO   34.52 35.13 34.51 34.79 34.58 34.63 35.71 35.72 34.62
Na2O  0.01 0.00 0.01 0.03 0.00 0.00 0.01 0.02 0.00
K2O   0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Total 100.48 100.56 99.32 98.00 99.68 99.13 99.23 98.88 97.94
Fe2O3
1 24.91 22.70 22.13 20.14 21.70 20.51 14.55 14.04 19.95
FeO 0 0 0 0 0 0 0 0 0
Total 100.48 100.56 99.32 98.00 99.68 99.12 99.22 98.88 97.93
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.98 2.97 2.99 3.05 2.99 3.01 3.00 3.00 3.03
C Site Al4+ 0.02 0.03 0.01 0.00 0.01 0.00 0.00 0.00 0.00
C Site Sum 3.00 3.00 3.00 3.05 3.00 3.01 3.00 3.00 3.03
B Site Al4+ 0.37 0.52 0.55 0.56 0.59 0.63 0.97 0.99 0.60
B Site Ti4+ 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.00
B Site Fe3+ 1.55 1.40 1.38 1.26 1.34 1.27 0.88 0.85 1.25
B Site Sum 1.93 1.92 1.93 1.82 1.93 1.91 1.88 1.87 1.85
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.03 0.03 0.04 0.04 0.04 0.04 0.05 0.05 0.04
A Site Mg+ 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.03 0.02
A site Ca2+ 3.05 3.08 3.05 3.11 3.04 3.05 3.08 3.09 3.09
A site Sum 3.11 3.13 3.11 3.17 3.10 3.12 3.16 3.17 3.15
Total Cation Sum 8.04 8.05 8.04 8.04 8.04 8.04 8.04 8.04 8.04
End Members (%)
Andradite 81 73 72 69 69 67 48 46 68
Grossular 19 27 28 31 31 33 52 54 32
Pyralspite 0 0 0 0 0 0 0 0 0
1FeO calculated based on B site = 2.0
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Analysis Name 890W6 sp2gt 890W6 sp2gt 890W6 sp2gt 890W6 sp2gt 890W6 sp2gt 890W6 sp1gt 890W6 sp1gt 890W6 sp1gt 890W6 sp1gt 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  34.57 35.28 35.04 34.95 35.52 35.17 35.12 34.97 35.21
TiO2  0.00 0.04 0.01 0.00 0.00 0.01 0.00 0.01 0.04
Al2O3 0.47 0.47 0.44 0.47 1.90 0.44 0.47 0.48 0.62
Fe2O3 30.13 30.74 30.77 30.90 27.78 30.10 30.14 30.38 29.99
MnO   0.58 0.65 0.65 0.62 0.41 0.59 0.64 0.59 0.38
MgO   0.15 0.14 0.15 0.13 0.09 0.11 0.07 0.09 0.09
CaO   33.09 33.15 32.90 32.80 34.04 33.12 33.29 32.98 33.66
Na2O  0.03 0.00 0.03 0.06 0.02 0.03 0.09 0.02 0.00
K2O   0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.03 100.47 100.00 99.93 99.76 99.57 99.82 99.52 99.99
Fe2O3
1 30.13 30.74 30.77 30.90 27.78 30.10 30.14 30.38 29.99
FeO 0 0 0 0 0 0 0 0 0
Total 99.02 100.47 100.00 99.93 99.76 99.57 99.82 99.52 99.99
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.96 2.97 2.97 2.96 2.99 2.99 2.98 2.97 2.98
C Site Al4+ 0.04 0.03 0.03 0.04 0.01 0.01 0.02 0.03 0.02
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.01 0.02 0.01 0.01 0.17 0.03 0.03 0.02 0.04
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.94 1.95 1.96 1.97 1.76 1.92 1.92 1.94 1.91
B Site Sum 1.95 1.97 1.97 1.98 1.93 1.96 1.95 1.97 1.95
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.04 0.05 0.05 0.04 0.03 0.04 0.05 0.04 0.03
A Site Mg+ 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01
A site Ca2+ 3.04 2.99 2.99 2.98 3.07 3.01 3.02 3.01 3.05
A site Sum 3.10 3.06 3.05 3.04 3.11 3.07 3.08 3.06 3.09
Total Cation Sum 8.04 8.03 8.03 8.02 8.04 8.03 8.03 8.03 8.04
End Members (%)
Andradite 100 99 99 99 91 98 99 99 98
Grossular 0 1 1 1 9 2 1 1 2
Pyralspite 0 0 0 1 0 0 0 0 0
1FeO calculated based on B site = 2.0
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Analysis Name 883W2 983m sp3gt 883W2 983m sp3gt 883W2 983m sp3gt 883W2 983m sp3gt 883W2 983m sp2gt 883W2 983m sp2gt 883W2 983m sp2gt 883W2 983m sp2gt 883W2 983m sp1gt 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  35.23 35.31 35.36 35.08 35.00 35.05 35.19 35.09 34.79
TiO2  0.00 0.00 0.00 0.00 0.04 0.05 0.03 0.00 0.01
Al2O3 0.08 0.36 0.42 0.94 0.54 0.54 0.59 0.63 0.41
Fe2O3 29.87 29.80 29.45 28.55 29.54 29.48 29.09 29.08 29.45
MnO   0.40 0.39 0.36 0.44 0.33 0.30 0.34 0.36 0.40
MgO   0.10 0.06 0.11 0.12 0.12 0.09 0.08 0.11 0.06
CaO   33.14 33.50 33.96 33.44 33.23 33.47 33.28 33.56 33.17
Na2O  0.00 0.04 0.03 0.01 0.00 0.00 0.03 0.01 0.00
K2O   0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01
Total 98.82 99.47 99.69 98.57 98.80 98.99 98.63 98.84 98.30
Fe2O3
1 29.87 29.80 29.45 28.55 29.54 29.48 29.09 29.08 29.45
FeO 0 0 0 0 0 0 0 0 0
Total 98.82 99.47 99.69 98.57 98.80 98.99 98.63 98.84 98.29
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.01 3.00 3.00 3.00 2.99 2.99 3.01 3.00 2.99
C Site Al4+ 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
C Site Sum 3.01 3.00 3.00 3.00 3.00 3.00 3.01 3.00 3.00
B Site Al4+ 0.01 0.04 0.04 0.09 0.05 0.04 0.06 0.06 0.03
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.92 1.91 1.88 1.84 1.90 1.89 1.87 1.87 1.91
B Site Sum 1.93 1.94 1.92 1.93 1.95 1.94 1.93 1.93 1.94
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.03
A Site Mg+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A site Ca2+ 3.04 3.05 3.08 3.06 3.04 3.06 3.05 3.07 3.06
A site Sum 3.08 3.09 3.12 3.11 3.08 3.09 3.08 3.11 3.09
Total Cation Sum 8.02 8.03 8.04 8.04 8.03 8.03 8.02 8.04 8.03
End Members (%)
Andradite 100 98 98 95 98 98 97 97 98
Grossular 0 2 2 5 2 2 3 3 2
Pyralspite 0 0 0 0 0 0 0 0 0
1FeO calculated based on B site = 2.0
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Analysis Name 883W2 983m sp1gt 883W2 983m sp1gt 883W2 983m sp1gt 883W2 983m sp1gt 859 765m sp1gt 859 765m sp1gt 859 765m sp1gt 859 765m sp1gt 859 765m sp1gt 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  34.82 35.01 35.03 34.97 35.13 34.86 34.97 34.72 34.80
TiO2  0.02 0.04 0.00 0.02 0.03 0.00 0.00 0.02 0.01
Al2O3 0.55 0.66 0.85 0.94 0.00 0.02 0.19 0.31 0.51
Fe2O3 28.65 28.39 28.75 28.50 31.21 31.22 31.38 31.16 30.15
MnO   0.46 0.42 0.47 0.41 0.38 0.38 0.50 0.33 0.34
MgO   0.08 0.08 0.07 0.08 0.26 0.24 0.18 0.19 0.16
CaO   33.39 32.75 33.36 33.14 33.78 33.33 33.42 33.52 33.83
Na2O  0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.01 0.00
K2O   0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Total 97.96 97.34 98.52 98.08 100.81 100.12 100.64 100.27 99.80
Fe2O3
1 28.65 28.39 28.75 28.50 31.21 31.22 31.38 31.16 30.15
FeO 0 0 0 0 0 0 0 0 0
Total 97.96 97.34 98.52 98.07 100.79 100.11 100.64 100.27 99.80
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.00 3.03 3.00 3.00 2.96 2.96 2.95 2.94 2.96
C Site Al4+ 0.00 0.00 0.00 0.00 0.04 0.04 0.05 0.06 0.04
C Site Sum 3.00 3.03 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.06 0.07 0.08 0.09 0.00 0.00 0.00 0.00 0.01
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.86 1.85 1.85 1.84 1.98 1.99 1.99 1.99 1.93
B Site Sum 1.91 1.92 1.93 1.94 1.94 1.95 1.96 1.96 1.93
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.02 0.02
A Site Mg+ 0.01 0.01 0.01 0.01 0.03 0.03 0.02 0.02 0.02
A site Ca2+ 3.08 3.03 3.06 3.05 3.05 3.03 3.02 3.04 3.08
A site Sum 3.13 3.07 3.10 3.09 3.11 3.09 3.08 3.09 3.12
Total Cation Sum 8.04 8.01 8.03 8.03 8.09 8.08 8.07 8.08 8.06
End Members (%)
Andradite 97 97 96 95 100 100 100 100 100
Grossular 3 3 4 5 0 0 0 0 0
Pyralspite 0 0 0 0 0 0 0 0 0
1FeO calculated based on B site = 2.0
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Analysis Name 859 612m sp1gt 859 612m sp1gt 859 612m sp1gt 859 612m sp1gt 859 612m sp1gt 859 612m sp1gt 859 612m sp1gt 859 612m sp1gt 859 612m sp1gt 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  34.58 34.78 34.48 34.88 34.89 34.95 34.69 34.63 34.52
TiO2  0.05 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Al2O3 0.06 0.06 0.11 0.13 0.09 0.18 0.24 0.26 0.45
Fe2O3 30.27 29.83 30.46 31.25 30.57 30.28 30.61 30.72 29.66
MnO   0.62 0.86 0.86 1.15 1.23 0.79 1.12 1.10 1.64
MgO   0.18 0.13 0.15 0.12 0.11 0.15 0.12 0.10 0.09
CaO   32.93 33.03 33.16 33.17 32.74 32.98 32.71 32.74 32.33
Na2O  0.03 0.00 0.03 0.01 0.00 0.04 0.00 0.03 0.04
K2O   0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.02
Total 98.71 98.69 99.26 100.73 99.64 99.37 99.50 99.58 98.73
Fe2O3
1 30.27 29.83 30.46 31.25 30.57 30.28 30.61 30.72 29.66
FeO 0 0 0 0 0 0 0 0 0
Total 98.71 98.69 99.25 100.73 99.63 99.36 99.49 99.58 98.72
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.97 2.99 2.95 2.95 2.97 2.98 2.96 2.96 2.97
C Site Al4+ 0.03 0.01 0.05 0.05 0.03 0.02 0.04 0.04 0.03
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.00 -0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.96 1.93 1.96 1.99 1.96 1.94 1.97 1.97 1.92
B Site Sum 1.94 1.92 1.93 1.95 1.95 1.94 1.95 1.96 1.93
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.04 0.06 0.06 0.08 0.09 0.06 0.08 0.08 0.12
A Site Mg+ 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.01
A site Ca2+ 3.03 3.04 3.04 3.00 2.99 3.01 2.99 2.99 2.98
A site Sum 3.10 3.12 3.13 3.10 3.09 3.09 3.09 3.09 3.11
Total Cation Sum 8.06 8.04 8.09 8.09 8.06 8.03 8.06 8.06 8.04
End Members (%)
Andradite 100 100 100 100 100 100 100 100 99
Grossular 0 0 0 0 0 0 0 0 1
Pyralspite 0 0 0 0 0 0 0 0 1
1FeO calculated based on B site = 2.0
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Analysis Name 859 612m sp1gt 741 479m sp1gt 741 479m sp1gt 741 479m sp1gt 741 479m sp1gt 741 479m sp1gt 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  34.89 37.22 38.31 38.10 38.25 38.21
TiO2  0.01 0.04 0.03 0.06 0.06 0.15
Al2O3 0.79 13.60 14.53 15.18 14.87 15.53
Fe2O3 29.59 12.22 11.49 10.80 10.29 9.76
MnO   0.74 0.10 0.10 0.11 0.12 0.12
MgO   0.10 0.10 0.11 0.10 0.14 0.19
CaO   33.29 36.03 36.40 36.12 36.27 36.12
Na2O  0.00 0.02 0.05 0.00 0.00 0.00
K2O   0.01 0.00 0.00 0.00 0.00 0.00
Total 99.43 99.33 101.02 100.47 100.01 100.08
Fe2O3
1 29.59 12.22 11.49 10.80 10.29 9.76
FeO 0 0 0 0 0 0
Total 99.42 99.33 101.02 100.47 100.00 100.08
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.97 2.95 2.97 2.96 2.99 2.97
C Site Al4+ 0.03 0.05 0.03 0.04 0.01 0.03
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.05 1.23 1.30 1.36 1.36 1.40
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.01
B Site Fe3+ 1.89 0.73 0.67 0.63 0.60 0.57
B Site Sum 1.94 1.96 1.98 1.99 1.96 1.98
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.05 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.01 0.01 0.01 0.01 0.02 0.02
A site Ca2+ 3.03 3.06 3.03 3.01 3.03 3.01
A site Sum 3.10 3.08 3.05 3.03 3.06 3.04
Total Cation Sum 8.04 8.04 8.02 8.02 8.02 8.02
End Members (%)
Andradite 98 37 34 32 31 29
Grossular 2 63 66 68 69 71
Pyralspite 0 0 0 0 0 0
1FeO calculated based on B site = 2.0
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Appendix 2.3: Clinopyroxene Compositions by Microprobe
Analysis name MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  48.65 48.58 48.55 48.66 48.52 48.91 48.60 48.01 48.75
TiO2  0.00 0.00 0.00 0.05 0.01 0.00 0.04 0.06 0.02
Al2O3 0.10 0.09 0.14 0.18 0.27 0.08 0.13 0.25 0.07
FeO   26.83 26.85 26.24 25.84 25.96 25.33 25.66 25.59 25.19
MnO   0.88 0.84 1.05 0.80 0.86 0.68 0.80 0.79 0.77
MgO   0.70 0.87 1.05 1.17 1.21 1.33 1.28 1.33 1.48
CaO   23.08 23.34 22.92 23.31 23.40 23.56 23.49 23.34 23.56
Na2O  0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.01 0.01
K2O   0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Total 100.24 100.57 99.95 100.03 100.27 99.88 100.00 99.38 99.86
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.99 1.99 1.99 1.99 1.98 2.00 1.99 1.98 1.99
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.92 0.92 0.90 0.88 0.89 0.87 0.88 0.88 0.86
Mn2+ 0.03 0.03 0.04 0.03 0.03 0.02 0.03 0.03 0.03
Mg2+ 0.04 0.05 0.06 0.07 0.07 0.08 0.08 0.08 0.09
Ca2+ 1.01 1.02 1.01 1.02 1.02 1.03 1.03 1.03 1.03
Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.00 4.01 4.01 4.01 4.01 4.00 4.01 4.01 4.01
End Members (%)
% Hedenbergite 93 92 90 90 90 89 89 89 88
% Diopside 4 5 6 7 7 8 8 8 9
% Johannsenite 3 3 4 3 3 2 3 3 3
Analysis name MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px MUD351 159m sp3px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  48.82 49.05 49.06 48.96 48.53 48.85 48.40 48.96 48.84
TiO2  0.08 0.02 0.00 0.04 0.03 0.00 0.01 0.00 0.02
Al2O3 0.22 0.16 0.21 0.20 0.25 0.22 0.30 0.24 0.23
FeO   25.03 25.04 25.20 25.10 25.09 24.65 24.83 24.65 24.46
MnO   0.80 1.03 0.88 0.86 0.86 0.94 0.86 0.87 0.97
MgO   1.68 1.59 1.69 1.70 1.77 1.73 1.89 1.90 1.91
CaO   23.36 23.53 23.46 23.25 23.48 23.65 23.55 23.59 23.53
Na2O  0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
K2O   0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.41 100.50 100.11 100.00 100.04 99.84 100.21 99.96
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.99 1.99 1.99 1.99 1.98 1.99 1.98 1.99 1.99
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.85 0.85 0.85 0.85 0.86 0.84 0.85 0.84 0.83
Mn2+ 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Mg2+ 0.10 0.10 0.10 0.10 0.11 0.10 0.12 0.11 0.12
Ca2+ 1.02 1.02 1.02 1.01 1.03 1.03 1.03 1.03 1.03
Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.00 4.00 4.01 4.00 4.01 4.01 4.02 4.01 4.01
End Members (%)
% Hedenbergite 87 87 87 87 86 86 85 85 85
% Diopside 10 10 10 10 11 11 12 12 12
% Johannsenite 3 4 3 3 3 3 3 3 3
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Analysis name MUD351 159m sp3px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  48.85 48.28 48.30 48.25 48.60 48.76 48.89 48.27 48.49
TiO2  0.00 0.01 0.04 0.00 0.03 0.06 0.00 0.01 0.00
Al2O3 0.27 0.12 0.11 0.25 0.07 0.27 0.16 0.14 0.18
FeO   23.70 27.83 26.94 26.36 26.53 25.11 24.62 24.96 24.14
MnO   1.16 0.74 1.03 0.89 0.93 1.09 0.76 1.24 1.07
MgO   2.66 0.04 0.58 0.77 0.80 1.55 1.85 1.75 2.12
CaO   23.33 23.01 23.24 23.32 23.12 23.28 23.55 23.42 23.18
Na2O  0.01 0.00 0.00 0.00 0.00 0.05 0.02 0.00 0.00
K2O   0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Total 100.00 100.02 100.24 99.85 100.08 100.18 99.86 99.79 99.18
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.99 1.98 1.98 1.99 1.99 1.99 1.98 1.99
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.80 0.96 0.93 0.91 0.91 0.86 0.84 0.86 0.83
Mn2+ 0.04 0.03 0.04 0.03 0.03 0.04 0.03 0.04 0.04
Mg2+ 0.16 0.00 0.04 0.05 0.05 0.09 0.11 0.11 0.13
Ca2+ 1.01 1.02 1.02 1.03 1.02 1.02 1.03 1.03 1.02
Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.00 4.01 4.01 4.00 4.01 4.01 4.02 4.01
End Members (%)
% Hedenbergite 80 97 93 92 92 87 86 85 83
% Diopside 16 0 4 5 5 10 11 11 13
% Johannsenite 4 3 4 3 3 4 3 4 4
Analysis name MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD351 159m sp1px MUD090 136mA sp1px MUD090 136mA sp1px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  48.73 48.60 48.88 48.79 49.13 49.04 49.03 54.31 54.34
TiO2  0.00 0.01 0.01 0.00 0.03 0.04 0.00 0.00 0.01
Al2O3 0.38 0.41 0.22 0.33 0.20 0.19 0.23 0.27 0.13
FeO   24.34 23.46 23.96 23.56 23.69 23.55 23.06 3.39 2.35
MnO   1.13 1.35 1.33 1.37 0.70 1.58 1.57 0.78 0.81
MgO   2.11 1.93 2.18 2.20 2.77 2.27 2.43 16.04 16.54
CaO   23.42 23.27 23.35 23.65 23.50 23.44 23.45 26.28 26.56
Na2O  0.00 0.05 0.00 0.05 0.00 0.00 0.02 0.02 0.01
K2O   0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Total 100.11 99.07 99.93 99.96 100.03 100.12 99.79 101.10 100.74
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.99 1.99 1.98 1.99 1.99 1.99 1.98 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.83 0.80 0.81 0.80 0.80 0.80 0.78 0.10 0.07
Mn2+ 0.04 0.05 0.05 0.05 0.02 0.05 0.05 0.02 0.02
Mg2+ 0.13 0.12 0.13 0.13 0.17 0.14 0.15 0.87 0.90
Ca2+ 1.02 1.02 1.02 1.03 1.02 1.02 1.02 1.03 1.04
Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.00 4.01 4.01 4.01 4.01 4.01 4.02 4.02
End Members (%)
% Hedenbergite 83 83 82 82 81 81 80 10 7
% Diopside 13 12 13 14 17 14 15 87 90
% Johannsenite 4 5 5 5 2 5 5 2 3
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Analysis name MUD090 136mA sp1px MUD090 136mA sp1px MUD090 136mA sp1px MUD090 136mA sp1px MUD018 33m sp3px MUD018 33m sp3px MUD018 33m sp3px MUD018 33m sp3px MUD018 33m sp3px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2  54.65 54.41 54.69 54.68 48.49 48.74 48.32 48.35 50.24
TiO2  0.03 0.00 0.01 0.00 0.01 0.01 0.02 0.06 0.03
Al2O3 0.17 0.16 0.21 0.22 0.28 0.38 0.38 0.28 0.61
FeO   1.86 1.81 1.34 1.28 27.52 27.05 27.38 27.21 23.83
MnO   0.59 0.56 0.45 0.49 0.82 1.21 1.16 1.05 0.63
MgO   16.86 17.17 17.55 17.41 0.24 0.12 0.18 0.26 2.81
CaO   26.60 26.70 26.83 26.88 23.30 23.25 23.35 23.26 19.73
Na2O  0.00 0.00 0.00 0.02 0.01 0.02 0.02 0.00 0.00
K2O   0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.02
Total 100.76 100.81 101.08 101.00 100.66 100.78 100.81 100.48 97.90
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.97 1.97 1.98 1.99 1.99 1.98 1.98 2.04
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.03
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.06 0.05 0.04 0.04 0.94 0.92 0.94 0.93 0.81
Mn2+ 0.02 0.02 0.01 0.01 0.03 0.04 0.04 0.04 0.02
Mg2+ 0.91 0.93 0.94 0.94 0.01 0.01 0.01 0.02 0.17
Ca2+ 1.03 1.04 1.04 1.04 1.02 1.02 1.02 1.02 0.86
Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.02 4.02 4.02 4.01 4.00 4.01 4.01 3.94
End Members (%)
% Hedenbergite 6 5 4 4 96 95 95 95 81
% Diopside 92 93 95 95 1 1 1 2 17
% Johannsenite 2 2 1 2 3 4 4 4 2
Analysis name MUD018 33m sp1px MUD018 33m sp1px MUD018 33m sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2  48.12 48.00 48.37 48.38 48.75 48.83 48.38 48.46 48.64
TiO2  0.02 0.01 0.02 0.02 0.00 0.00 0.01 0.00 0.04
Al2O3 0.48 0.20 0.13 0.19 0.16 0.22 0.15 0.18 0.19
FeO   27.78 28.26 27.05 26.79 27.02 26.55 26.06 25.50 26.17
MnO   0.47 0.34 0.63 0.54 0.62 0.60 0.58 0.51 0.48
MgO   0.03 0.13 0.27 0.59 0.75 0.90 1.02 1.07 1.42
CaO   23.14 23.34 23.18 23.26 23.02 22.94 23.34 23.05 23.65
Na2O  0.02 0.00 0.00 0.17 0.01 0.05 0.00 0.06 0.05
K2O   0.02 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00
Total 100.08 100.29 99.66 99.95 100.34 100.09 99.55 98.84 100.63
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.98 2.00 1.99 1.99 2.00 1.99 2.00 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.96 0.97 0.93 0.92 0.92 0.91 0.90 0.88 0.89
Mn2+ 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mg2+ 0.00 0.01 0.02 0.04 0.05 0.05 0.06 0.07 0.09
Ca2+ 1.02 1.03 1.02 1.02 1.01 1.01 1.03 1.02 1.03
Na+ 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.02 4.00 4.01 4.00 4.00 4.01 4.00 4.02
End Members (%)
% Hedenbergite 98 98 96 94 93 92 92 91 90
% Diopside 0 1 2 4 5 6 6 7 9
% Johannsenite 2 1 2 2 2 2 2 2 2
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Analysis name MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2  48.72 48.68 48.87 49.02 49.13 49.14 49.23 48.58 48.83
TiO2  0.03 0.05 0.00 0.00 0.02 0.01 0.05 0.01 0.00
Al2O3 0.22 0.23 0.38 0.43 0.27 0.47 0.61 0.39 0.14
FeO   24.11 24.34 24.10 24.04 23.82 23.30 23.44 23.62 22.69
MnO   0.71 0.65 0.49 0.48 0.54 0.49 0.44 0.56 0.72
MgO   2.25 2.31 2.57 2.60 2.64 2.85 3.13 3.15 3.02
CaO   23.44 23.19 23.63 23.81 23.63 23.70 23.39 23.28 23.64
Na2O  0.09 0.10 0.02 0.06 0.10 0.08 0.11 0.10 0.02
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01
Total 99.57 99.55 100.06 100.44 100.15 100.04 100.43 99.70 99.07
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.99 1.99 1.98 1.98 1.99 1.98 1.98 1.97 1.99
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.01 0.01 0.02 0.02 0.01 0.02 0.03 0.02 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.82 0.83 0.82 0.81 0.80 0.79 0.79 0.80 0.77
Mn2+ 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mg2+ 0.14 0.14 0.16 0.16 0.16 0.17 0.19 0.19 0.18
Ca2+ 1.02 1.01 1.03 1.03 1.02 1.02 1.01 1.01 1.03
Na+ 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.01 4.01 4.02 4.01 4.01 4.01 4.02 4.01
End Members (%)
% Hedenbergite 84 84 83 82 82 81 80 79 79
% Diopside 14 14 16 16 16 18 19 19 19
% Johannsenite 2 2 2 2 2 2 2 2 3
Analysis name MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px MG16-14 sp1px 895 644mA sp2px 895 644mA sp2px 895 644mA sp2px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Exoskarn Exoskarn Exoskarn
SiO2  48.85 49.05 49.20 49.14 49.17 49.32 48.12 49.82 50.28
TiO2  0.00 0.04 0.00 0.00 0.02 0.01 0.04 0.00 0.01
Al2O3 0.24 0.23 0.44 0.44 0.24 0.21 0.32 0.30 0.29
FeO   22.52 22.89 21.45 22.36 22.46 22.36 19.06 19.93 19.59
MnO   0.55 0.50 0.59 0.58 0.50 0.51 0.69 0.67 0.76
MgO   3.20 3.30 3.41 3.59 3.68 3.71 4.83 5.31 5.52
CaO   23.57 23.67 23.51 23.61 23.54 23.63 22.90 23.94 24.17
Na2O  0.09 0.09 0.10 0.11 0.01 0.08 0.00 0.00 0.00
K2O   0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00
Total 99.03 99.77 98.71 99.83 99.63 99.83 95.97 99.98 100.61
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.99 1.98 1.99 1.98 1.98 1.98 1.99 1.98 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.77 0.77 0.73 0.75 0.76 0.75 0.66 0.66 0.65
Mn2+ 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03
Mg2+ 0.19 0.20 0.21 0.22 0.22 0.22 0.30 0.31 0.32
Ca2+ 1.03 1.02 1.02 1.02 1.02 1.02 1.01 1.02 1.02
Na+ 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.02 4.00 4.02 4.01 4.01 4.00 4.01 4.01
End Members (%)
% Hedenbergite 78 78 76 76 76 76 67 66 65
% Diopside 20 20 22 22 22 22 30 31 33
% Johannsenite 2 2 2 2 2 2 2 2 3
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Analysis name 895 644mA sp2px 895 644mA sp2px 895 644m sp1px 895 644m sp1px 895 644m sp1px 895 644m sp1px 895 644m sp1px 895 644m sp1px 895 644m sp1px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  51.28 50.96 48.12 48.46 48.60 48.26 48.54 48.20 48.42
TiO2  0.00 0.01 0.03 0.04 0.00 0.00 0.08 0.01 0.04
Al2O3 0.17 0.19 0.30 0.21 0.36 0.46 0.32 0.42 0.19
FeO   15.21 13.16 27.54 26.51 26.64 26.57 26.66 26.21 26.44
MnO   0.56 0.47 0.59 0.76 0.54 0.52 0.60 0.51 0.50
MgO   8.52 9.74 0.51 0.58 0.81 0.83 0.79 0.96 1.05
CaO   24.31 24.70 23.41 23.44 23.30 23.25 23.18 23.08 23.25
Na2O  0.04 0.00 0.04 0.02 0.07 0.11 0.06 0.02 0.02
K2O   0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.01
Total 100.09 99.24 100.53 100.01 100.32 100.01 100.24 99.42 99.90
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.99 1.98 1.97 1.99 1.99 1.98 1.99 1.98 1.99
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.49 0.43 0.95 0.91 0.91 0.91 0.91 0.90 0.91
Mn2+ 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02
Mg2+ 0.49 0.56 0.03 0.04 0.05 0.05 0.05 0.06 0.06
Ca2+ 1.01 1.03 1.03 1.03 1.02 1.02 1.02 1.02 1.02
Na+ 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.02 4.02 4.01 4.01 4.01 4.01 4.01 4.01
End Members (%)
% Hedenbergite 49 42 95 94 93 93 93 92 92
% Diopside 49 56 3 4 5 5 5 6 6
% Johannsenite 2 2 2 3 2 2 2 2 2
Analysis name 890W6 sp3px test 890W6 sp3px 890W6 sp2px 890W6 sp2px 890W6 sp2px 890W6 sp2px 890W6 sp2px 890W6 sp2px 890W6 sp2px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  51.73 51.81 50.66 52.05 51.95 51.92 52.29 52.36 52.32
TiO2  0.00 0.00 0.00 0.00 0.03 0.00 0.04 0.01 0.06
Al2O3 0.10 0.11 0.07 0.08 0.03 0.06 0.05 0.08 0.10
FeO   9.37 9.37 14.71 10.94 9.98 9.83 9.60 9.16 8.95
MnO   1.62 1.63 2.57 1.93 1.87 2.11 1.58 1.72 1.79
MgO   11.28 11.27 7.70 10.19 11.03 10.82 11.42 11.57 11.70
CaO   25.24 25.30 24.65 25.13 25.12 25.30 25.33 25.56 25.29
Na2O  0.02 0.06 0.09 0.06 0.08 0.10 0.03 0.01 0.07
K2O   0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Total 99.38 99.56 100.46 100.38 100.09 100.15 100.34 100.47 100.30
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.98 1.97 1.99 1.98 1.98 1.98 1.98 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.30 0.30 0.48 0.35 0.32 0.31 0.30 0.29 0.28
Mn2+ 0.05 0.05 0.08 0.06 0.06 0.07 0.05 0.06 0.06
Mg2+ 0.64 0.64 0.45 0.58 0.63 0.62 0.65 0.65 0.66
Ca2+ 1.04 1.04 1.03 1.03 1.03 1.03 1.03 1.04 1.03
Na+ 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.02 4.02 4.03 4.01 4.02 4.02 4.02 4.02 4.02
End Members (%)
% Hedenbergite 30 30 47 35 32 31 30 29 28
% Diopside 65 65 44 58 62 62 65 65 66
% Johannsenite 5 5 8 6 6 7 5 6 6
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Analysis name 890W6 sp2px 890W6 sp2px 890W6 sp1px 890W6 sp1px 890W6 sp1px 890W6 sp1px 890W6 sp1px 890W6 sp1px 890W6 sp1px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  52.16 52.57 51.17 51.74 52.09 52.21 52.07 52.10 52.45
TiO2  0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.05
Al2O3 0.04 0.11 0.06 0.03 0.04 0.08 0.06 0.06 0.05
FeO   8.95 8.59 12.38 11.54 11.00 9.76 9.51 9.50 9.14
MnO   1.96 1.79 1.91 1.76 1.86 1.83 1.74 1.78 1.61
MgO   11.79 11.90 9.30 10.18 10.43 11.31 11.26 11.32 11.83
CaO   25.32 25.29 25.01 25.20 25.29 25.16 25.17 25.15 25.38
Na2O  0.09 0.07 0.07 0.01 0.07 0.05 0.05 0.09 0.03
K2O   0.00 0.00 0.02 0.02 0.00 0.02 0.02 0.00 0.01
Total 100.31 100.32 99.93 100.48 100.78 100.42 99.88 100.02 100.55
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.98 1.98 1.98 1.98 1.98 1.98 1.98 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.28 0.27 0.40 0.37 0.35 0.31 0.30 0.30 0.29
Mn2+ 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.05
Mg2+ 0.67 0.67 0.54 0.58 0.59 0.64 0.64 0.64 0.67
Ca2+ 1.03 1.02 1.04 1.03 1.03 1.02 1.03 1.03 1.03
Na+ 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.03 4.02 4.02 4.02 4.02 4.02 4.02 4.02 4.02
End Members (%)
% Hedenbergite 28 27 40 37 35 31 30 30 29
% Diopside 66 67 54 58 59 63 64 64 66
% Johannsenite 6 6 6 6 6 6 6 6 5
Analysis name 890W6 sp1px 890W6 sp1px 890W6 sp1px 890W6 sp1px 890W6 sp1px 883W2 983m sp3px 883W2 983m sp3px 883W2 983m sp3px 883W2 983m sp3px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  52.24 52.97 52.29 52.33 52.48 52.77 53.96 53.52 53.60
TiO2  0.00 0.05 0.01 0.01 0.01 0.00 0.00 0.04 0.00
Al2O3 0.07 0.06 0.04 0.08 0.10 0.10 0.00 0.02 0.00
FeO   8.97 8.77 8.65 8.43 8.38 3.92 3.74 3.67 3.34
MnO   1.74 1.68 1.92 1.58 1.57 2.79 1.83 1.54 1.19
MgO   11.70 11.91 11.79 12.20 12.18 14.18 14.80 15.06 15.59
CaO   25.10 25.52 25.39 25.56 25.51 25.93 25.60 26.15 26.03
Na2O  0.04 0.02 0.06 0.04 0.03 0.00 0.00 0.02 0.01
K2O   0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00
Total 99.86 100.98 100.17 100.23 100.27 99.69 99.93 100.04 99.76
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.99 1.98 1.98 1.98 1.98 2.00 1.98 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.28 0.28 0.27 0.27 0.26 0.12 0.12 0.11 0.10
Mn2+ 0.06 0.05 0.06 0.05 0.05 0.09 0.06 0.05 0.04
Mg2+ 0.66 0.67 0.67 0.69 0.69 0.79 0.82 0.83 0.86
Ca2+ 1.02 1.03 1.03 1.03 1.03 1.04 1.02 1.04 1.03
Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.02 4.01 4.02 4.02 4.02 4.02 4.00 4.02 4.02
End Members (%)
% Hedenbergite 28 28 27 27 26 12 12 11 10
% Diopside 66 67 66 68 69 79 83 84 86
% Johannsenite 6 5 6 5 5 9 6 5 4
173
Analysis name 883W2 983m sp3px 883W2 983m sp3px 883W2 983m sp3px 883W2 983m sp3px 883W2 983m sp3px 883W2 983m sp2px 883W2 983m sp2px 883W2 983m sp2px 883W2 983m sp2px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  54.07 54.19 54.30 54.07 54.74 53.27 53.36 53.46 53.78
TiO2  0.01 0.01 0.02 0.00 0.02 0.00 0.00 0.00 0.00
Al2O3 0.03 0.02 0.02 0.00 0.21 0.06 0.12 0.05 0.18
FeO   3.34 3.15 3.04 3.01 1.49 4.30 4.02 3.92 3.95
MnO   1.15 1.41 1.14 1.21 0.02 1.92 2.76 2.48 1.40
MgO   15.67 15.56 15.75 15.61 17.37 14.24 14.00 14.36 15.29
CaO   26.05 25.91 26.24 26.06 26.32 25.75 25.66 25.56 25.91
Na2O  0.03 0.01 0.01 0.02 0.01 0.01 0.00 0.04 0.00
K2O   0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Total 100.36 100.26 100.52 99.99 100.19 99.55 99.92 99.87 100.51
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.10 0.10 0.09 0.09 0.05 0.13 0.13 0.12 0.12
Mn2+ 0.04 0.04 0.04 0.04 0.00 0.06 0.09 0.08 0.04
Mg2+ 0.86 0.85 0.86 0.86 0.94 0.79 0.78 0.80 0.84
Ca2+ 1.03 1.02 1.03 1.03 1.02 1.03 1.02 1.02 1.02
Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.02
End Members (%)
% Hedenbergite 10 10 9 9 5 14 13 12 12
% Diopside 86 86 87 87 95 80 79 80 84
% Johannsenite 4 4 4 4 0 6 9 8 4
Analysis name 883W2 983m sp2px 883W2 983m sp2px 883W2 983m sp2px 883W2 983m sp2px 883W2 983m sp2px 883W2 983m sp2px 883W2 983m sp2px 883W2 983m sp1px 883W2 983m sp1px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  53.41 53.77 53.78 53.91 53.89 54.41 54.37 53.29 53.05
TiO2  0.00 0.01 0.02 0.00 0.00 0.02 0.00 0.05 0.02
Al2O3 0.11 0.03 0.00 0.00 0.00 0.27 0.12 0.02 0.09
FeO   3.66 3.50 3.07 3.07 2.91 1.89 1.53 4.11 3.80
MnO   2.76 1.23 1.36 1.22 1.22 0.02 0.01 1.66 1.67
MgO   14.26 15.42 15.40 15.63 15.64 17.14 17.65 14.66 14.68
CaO   25.62 25.57 25.93 25.96 26.00 26.04 26.13 25.90 24.92
Na2O  0.00 0.01 0.01 0.00 0.00 0.03 0.00 0.02 0.00
K2O   0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Total 99.82 99.53 99.57 99.81 99.67 99.82 99.80 99.71 98.23
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.99 1.99 1.99 1.99 1.99 1.99 1.98 1.98 2.00
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.11 0.11 0.10 0.09 0.09 0.06 0.05 0.13 0.12
Mn2+ 0.09 0.04 0.04 0.04 0.04 0.00 0.00 0.05 0.05
Mg2+ 0.79 0.85 0.85 0.86 0.86 0.93 0.96 0.81 0.82
Ca2+ 1.02 1.01 1.03 1.03 1.03 1.02 1.02 1.03 1.00
Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.00
End Members (%)
% Hedenbergite 11 11 10 10 9 6 5 13 12
% Diopside 80 85 86 87 87 94 95 82 83
% Johannsenite 9 4 4 4 4 0 0 5 5
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Analysis name 883W2 983m sp1px 883W2 983m sp1px 883W2 983m sp1px 883W2 983m sp1px 883W2 983m sp1px 883W2 983m sp1px 883W2 983m sp1px 883W2 983m sp1px 883 701m sp1px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Endoskarn
SiO2  53.07 53.33 53.38 53.71 53.56 53.75 53.32 53.62 48.12
TiO2  0.05 0.02 0.00 0.00 0.06 0.00 0.02 0.00 0.02
Al2O3 0.07 0.10 0.02 0.03 0.00 0.00 0.03 0.01 0.17
FeO   3.69 3.64 3.41 3.27 3.13 3.09 2.96 2.83 26.44
MnO   2.22 2.14 1.26 1.26 1.23 1.27 1.43 1.05 0.64
MgO   14.45 14.55 15.32 15.45 15.55 15.56 15.33 15.99 0.85
CaO   25.41 25.68 25.73 25.67 25.71 25.72 25.67 25.70 23.29
Na2O  0.02 0.01 0.00 0.01 0.02 0.02 0.00 0.00 0.01
K2O   0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01
Total 98.98 99.47 99.13 99.41 99.27 99.41 98.77 99.21 99.55
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.12 0.11 0.11 0.10 0.10 0.10 0.09 0.09 0.91
Mn2+ 0.07 0.07 0.04 0.04 0.04 0.04 0.05 0.03 0.02
Mg2+ 0.81 0.81 0.85 0.85 0.86 0.86 0.85 0.88 0.05
Ca2+ 1.02 1.03 1.03 1.02 1.02 1.02 1.03 1.02 1.03
Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01
End Members (%)
% Hedenbergite 12 11 11 10 10 10 9 9 92
% Diopside 81 82 85 86 86 86 86 88 5
% Johannsenite 7 7 4 4 4 4 5 3 2
Analysis name 883 701m sp1px 883 701m sp1px 883 701m sp1px 883 701m sp1px 883 701m sp1px 883 701m sp1px 883 701m sp1px 883 701m sp1px 883 701m sp1px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn Endoskarn
SiO2  48.52 48.50 48.39 48.91 48.41 48.29 48.68 48.48 48.72
TiO2  0.00 0.01 0.02 0.00 0.03 0.04 0.01 0.01 0.02
Al2O3 0.22 0.33 0.20 0.18 0.17 0.24 0.25 0.28 0.28
FeO   25.38 25.88 24.98 25.63 24.92 25.20 24.94 24.35 24.41
MnO   0.46 0.34 0.56 0.45 0.85 1.97 1.03 0.55 0.55
MgO   1.65 1.82 1.63 1.78 1.55 1.03 1.93 2.29 2.37
CaO   23.46 23.42 23.39 23.33 23.48 23.12 23.50 23.67 23.60
Na2O  0.06 0.12 0.10 0.01 0.02 0.05 0.07 0.08 0.08
K2O   0.00 0.02 0.02 0.01 0.00 0.02 0.00 0.04 0.01
Total 99.76 100.43 99.28 100.30 99.42 99.96 100.42 99.75 100.04
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.97 1.99 1.99 1.99 1.98 1.98 1.98 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.87 0.88 0.86 0.87 0.86 0.87 0.85 0.83 0.83
Mn2+ 0.02 0.01 0.02 0.02 0.03 0.07 0.04 0.02 0.02
Mg2+ 0.10 0.11 0.10 0.11 0.09 0.06 0.12 0.14 0.14
Ca2+ 1.03 1.02 1.03 1.02 1.03 1.02 1.02 1.03 1.03
Na+ 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.02 4.01 4.01 4.01 4.01 4.02 4.02 4.02
End Members (%)
% Hedenbergite 88 88 88 88 87 87 85 84 84
% Diopside 10 11 10 11 10 6 12 14 14
% Johannsenite 2 1 2 2 3 7 4 2 2
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Analysis name 883 701m sp1px 883 701m sp1px 883 701m sp1px 883 701m sp1px 859 765m sp1px 859 765m sp1px 859 765m sp1px 859 765m sp1px 859 765m sp1px 
Skarn Type Endoskarn Endoskarn Endoskarn Endoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  48.60 48.92 48.85 48.91 49.55 49.94 49.79 49.95 49.76
TiO2  0.03 0.00 0.00 0.03 0.00 0.00 0.01 0.05 0.00
Al2O3 0.27 0.32 0.42 0.26 0.07 0.04 0.04 0.04 0.06
FeO   23.98 24.11 23.00 23.41 21.37 21.58 21.07 20.67 21.03
MnO   0.48 0.53 0.61 0.73 0.56 0.56 0.62 0.57 0.57
MgO   2.53 2.67 2.83 2.85 4.41 4.63 4.53 4.91 5.00
CaO   23.48 23.47 23.54 23.52 23.60 23.62 23.72 23.68 24.05
Na2O  0.09 0.07 0.06 0.05 0.14 0.09 0.09 0.11 0.07
K2O   0.00 0.01 0.02 0.00 0.01 0.00 0.00 0.01 0.00
Total 99.46 100.11 99.33 99.76 99.71 100.46 99.87 99.99 100.55
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.98 1.98 1.98 1.99 1.99 1.99 1.99 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.01 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.82 0.82 0.78 0.79 0.72 0.72 0.70 0.69 0.70
Mn2+ 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mg2+ 0.15 0.16 0.17 0.17 0.26 0.27 0.27 0.29 0.30
Ca2+ 1.03 1.02 1.02 1.02 1.01 1.01 1.02 1.01 1.02
Na+ 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.02 4.02 4.01 4.01 4.02 4.02 4.01 4.01 4.02
End Members (%)
% Hedenbergite 83 82 80 80 72 71 71 69 69
% Diopside 16 16 18 17 26 27 27 29 29
% Johannsenite 2 2 2 3 2 2 2 2 2
Analysis name 859 765m sp1px 859 765m sp1px 859 765m sp1px 859 765m sp1px 859 765m sp1px 741 479m sp1px 741 479m sp1px 741 479m sp1px 741 479m sp1px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  49.97 49.74 49.89 50.06 49.90 47.77 48.03 48.38 48.30
TiO2  0.00 0.01 0.05 0.02 0.06 0.04 0.02 0.01 0.02
Al2O3 0.06 0.04 0.04 0.03 0.06 0.15 0.21 0.07 0.09
FeO   21.02 20.98 20.60 20.54 20.51 26.35 25.96 25.97 25.55
MnO   0.52 0.58 0.58 0.56 0.57 1.39 1.48 1.00 1.78
MgO   5.05 5.06 5.03 5.07 5.11 0.76 0.77 1.06 0.83
CaO   23.87 24.02 24.07 24.04 23.88 23.39 23.20 23.38 23.58
Na2O  0.14 0.09 0.10 0.12 0.13 0.07 0.07 0.07 0.06
K2O   0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01
Total 100.63 100.52 100.37 100.46 100.22 99.93 99.74 99.93 100.22
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.98 1.98 1.98 1.99 1.98 1.97 1.98 1.99 1.98
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.70 0.70 0.68 0.68 0.68 0.91 0.90 0.89 0.88
Mn2+ 0.02 0.02 0.02 0.02 0.02 0.05 0.05 0.03 0.06
Mg2+ 0.30 0.30 0.30 0.30 0.30 0.05 0.05 0.06 0.05
Ca2+ 1.01 1.02 1.02 1.02 1.02 1.03 1.03 1.03 1.04
Na+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.02 4.03 4.02 4.02 4.02 4.03 4.02 4.01 4.02
End Members (%)
% Hedenbergite 69 69 68 68 68 91 90 90 89
% Diopside 29 29 30 30 30 5 5 7 5
% Johannsenite 2 2 2 2 2 5 5 3 6
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Analysis name 741 479m sp1px 741 479m sp1px 741 479m sp1px 741 479m sp1px 741 479m sp1px 741 479m sp1px 741 479m sp1px 741 479m sp1px 
Skarn Type Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn Exoskarn
SiO2  48.55 48.41 47.57 48.57 48.45 48.71 48.81 48.75
TiO2  0.07 0.06 0.00 0.04 0.05 0.00 0.00 0.00
Al2O3 0.15 0.11 0.06 0.09 0.10 0.06 0.02 0.03
FeO   25.14 25.51 25.31 25.44 25.25 25.46 25.28 24.37
MnO   1.54 1.58 1.24 1.75 1.25 1.49 1.87 1.79
MgO   1.01 1.02 1.22 0.94 1.34 1.31 1.18 1.23
CaO   23.30 23.24 23.00 23.24 23.29 23.72 23.20 23.65
Na2O  0.03 0.04 0.11 0.04 0.08 0.08 0.00 0.02
K2O   0.00 0.01 0.11 0.02 0.00 0.00 0.01 0.00
Total 99.79 99.98 98.64 100.13 99.81 100.83 100.38 99.83
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Si4+ 1.99 1.99 1.98 1.99 1.99 1.98 1.99 1.99
Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al3+ 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.86 0.88 0.88 0.87 0.87 0.87 0.86 0.83
Mn2+ 0.05 0.05 0.04 0.06 0.04 0.05 0.06 0.06
Mg2+ 0.06 0.06 0.08 0.06 0.08 0.08 0.07 0.07
Ca2+ 1.02 1.02 1.03 1.02 1.02 1.03 1.01 1.04
Na+ 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00
K+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Total Cations 4.00 4.01 4.03 4.01 4.01 4.02 4.01 4.01
End Members (%)
% Hedenbergite 88 88 88 88 87 87 86 86
% Diopside 6 6 8 6 8 8 7 8
% Johannsenite 5 6 4 6 4 5 6 6
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Appendix 2.4: Carbon and Oxygen Isotope Data
Sample Name Rock Type ᵟ13C  ‰VPDB ᵟ18O ‰VPDB ᵟ18O ‰VSMOW
895 734.0m White Marble 2.36 -9.28 21.34
895 741.0m White Marble 2.67 -8.80 21.83
895 756m White Marble 3.07 -8.61 22.04
895 760.0m White Marble 3.40 -10.69 19.89
895 761.0m White Marble 2.35 -11.64 18.91
895 762m White Marble 3.75 -9.33 21.29
895 763m White Marble 3.34 -10.09 20.50
895 764.0m White Marble 3.62 -10.03 20.57
895 764.4m Garnet Skarn 2.01 -12.66 17.86
895 764.7m Garnet Skarn 2.06 -15.04 15.41
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Appendix 2.5: U-Pb SHRIMP and LA-ICPMS Data
Summary of SHRIMP U-Pb results for zircon from sample Northeast Ryholite Porphyry; 883W3,  699.7 - 701.1.
Grain. U Th Th/U
206Pb* 204Pb/206Pb f206
238U/206Pb 207Pb/206Pb 206Pb/238U 206Pb/238U
spot (ppm) (ppm) (ppm) % ± ± ± Age (Ma) ±
1.1 517 481 0.93 22.3  - 0.16 19.899 0.218 0.0540 0.0006 0.0502 0.0006 315.6 3.4
2.1 414 367 0.89 18.0  - 0.05 19.732 0.216 0.0531 0.0006 0.0507 0.0006 318.5 3.4
3.1 335 236 0.70 14.4 0.000199 0.14 20.014 0.276 0.0538 0.0007 0.0499 0.0007 313.9 4.3
4.1 450 440 0.98 19.5 0.000041 <0.01 19.807 0.216 0.0525 0.0006 0.0505 0.0006 317.6 3.4
5.1 290 178 0.61 12.9 0.000015 0.24 19.303 0.220 0.0548 0.0007 0.0517 0.0006 324.8 3.6
6.1 375 310 0.83 16.4 0.000060 <0.01 19.606 0.218 0.0521 0.0007 0.0511 0.0006 321.0 3.5
7.1 637 689 1.08 27.8 0.000032 0.16 19.687 0.228 0.0540 0.0005 0.0507 0.0006 318.9 3.6
8.1 246 122 0.49 10.8 0.000025 0.13 19.598 0.227 0.0538 0.0008 0.0510 0.0006 320.4 3.7
9.1 466 403 0.87 20.6 0.000019 0.17 19.421 0.211 0.0543 0.0006 0.0514 0.0006 323.1 3.5
10.1 387 337 0.87 16.9 0.000180 0.49 19.715 0.222 0.0567 0.0007 0.0505 0.0006 317.4 3.5
11.1 539 544 1.01 23.5 0.000023 0.04 19.679 0.212 0.0531 0.0005 0.0508 0.0006 319.4 3.4
12.1 402 336 0.84 17.5 0.000014 0.18 19.689 0.218 0.0542 0.0007 0.0507 0.0006 318.8 3.5
13.1 542 497 0.92 23.2 0.000072 0.04 20.070 0.216 0.0529 0.0005 0.0498 0.0005 313.3 3.3
14.1 562 511 0.91 24.2 0.000008 <0.01 19.917 0.234 0.0525 0.0006 0.0502 0.0006 315.9 3.7
15.1 243 169 0.69 10.5 0.000153 0.37 19.852 0.231 0.0557 0.0008 0.0502 0.0006 315.7 3.6
16.1 396 328 0.83 17.1  - 0.04 19.845 0.240 0.0530 0.0006 0.0504 0.0006 316.8 3.8
17.1 557 622 1.12 23.9 0.000071 0.11 20.011 0.215 0.0535 0.0005 0.0499 0.0005 314.0 3.3
18.1 575 534 0.93 25.1 0.000047 <0.01 19.659 0.211 0.0527 0.0005 0.0509 0.0006 319.9 3.4
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 Summary of SHRIMP U-Pb results for zircon from sample Central Rhyolite Porphyry; 883W2,  858.1 - 859.3.
Grain. U Th Th/U
206Pb* 204Pb/206Pb f206
238U/206Pb 207Pb/206Pb 206Pb/238U 206Pb/238U
spot (ppm) (ppm) (ppm) % ± ± ± Age (Ma) ±
1.1 951 1011 1.06 41.7 0.000135 0.25 19.587 0.207 0.0548 0.0004 0.0509 0.0005 320.2 3.3
2.1 519 328 0.63 22.8  - 0.05 19.579 0.212 0.0532 0.0006 0.0511 0.0006 321.0 3.4
3.1 807 703 0.87 35.4 0.000066 <0.01 19.609 0.226 0.0527 0.0005 0.0510 0.0006 320.7 3.6
4.1 604 598 0.99 26.5 0.000093 0.09 19.557 0.242 0.0535 0.0005 0.0511 0.0006 321.2 3.9
5.1 397 212 0.53 17.5 0.000136 0.26 19.520 0.217 0.0549 0.0007 0.0511 0.0006 321.2 3.5
6.1 693 664 0.96 30.3 0.000051 0.10 19.668 0.209 0.0536 0.0005 0.0508 0.0005 319.4 3.3
7.1 605 49 0.08 35.0 0.000058 0.05 14.881 0.158 0.0556 0.0005 0.0672 0.0007 419.1 4.4
8.1 592 578 0.98 25.5 0.000040 <0.01 19.929 0.217 0.0526 0.0005 0.0502 0.0006 315.6 3.4
9.1 757 748 0.99 32.8 0.000013 0.07 19.810 0.212 0.0533 0.0005 0.0504 0.0005 317.3 3.4
10.1 331 211 0.64 14.3  - 0.06 19.906 0.224 0.0532 0.0007 0.0502 0.0006 315.8 3.5
11.1 529 422 0.80 22.6  - <0.01 20.145 0.218 0.0520 0.0006 0.0497 0.0005 312.5 3.3
12.1 523 449 0.86 22.4 0.000081 0.13 20.022 0.217 0.0537 0.0006 0.0499 0.0005 313.8 3.4
13.1 656 709 1.08 28.1  - 0.03 20.050 0.214 0.0529 0.0005 0.0499 0.0005 313.7 3.3
14.1 501 460 0.92 21.4 0.000078 0.12 20.130 0.218 0.0536 0.0006 0.0496 0.0005 312.2 3.3
15.1 1138 1336 1.17 49.4 0.000078 0.07 19.798 0.224 0.0533 0.0004 0.0505 0.0006 317.4 3.5
16.1 559 412 0.74 24.6 0.000079 0.13 19.540 0.214 0.0539 0.0005 0.0511 0.0006 321.3 3.5
17.1 508 434 0.85 21.8  - <0.01 20.003 0.249 0.0525 0.0006 0.0500 0.0006 314.5 3.9
18.1 353 198 0.56 15.3  - <0.01 19.779 0.226 0.0523 0.0007 0.0506 0.0006 318.1 3.6
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Summary of SHRIMP U-Pb results for zircon from sample Southwest Rhyolite Porphyry; 883W2,  906.1 - 907.6.
Grain. U Th Th/U
206Pb* 204Pb/206Pb f206
238U/206Pb 207Pb/206Pb 206Pb/238U 206Pb/238U
spot (ppm) (ppm) (ppm) % ± ± ± Age (Ma) ±
1.1 1157 1083 0.94 50.1 0.000037 0.02 19.854 0.207 0.0529 0.0004 0.0504 0.0005 316.7 3.2
2.1 574 556 0.97 24.8 0.000018 0.04 19.838 0.214 0.0530 0.0005 0.0504 0.0005 316.9 3.4
3.1 578 529 0.92 24.7 0.000053 0.15 20.082 0.215 0.0539 0.0005 0.0497 0.0005 312.8 3.3
4.1 470 404 0.86 20.2 0.000079 0.15 19.941 0.218 0.0539 0.0006 0.0501 0.0006 315.0 3.4
5.1 527 467 0.89 22.6  - 0.10 20.043 0.217 0.0535 0.0006 0.0498 0.0005 313.5 3.4
6.1 689 622 0.90 29.3  - 0.22 20.181 0.215 0.0543 0.0005 0.0494 0.0005 311.1 3.3
7.1 371 371 1.00 16.0 0.000287 0.40 19.970 0.221 0.0558 0.0007 0.0499 0.0006 313.8 3.4
8.1 1384 1420 1.03 59.8 0.000017 0.09 19.894 0.206 0.0534 0.0004 0.0502 0.0005 315.9 3.2
9.1 663 1057 1.59 28.8 0.000007 0.06 19.764 0.211 0.0532 0.0005 0.0506 0.0005 318.0 3.4
10.1 1463 1910 1.31 63.6 0.000354 0.70 19.744 0.204 0.0583 0.0004 0.0503 0.0005 316.3 3.2
11.1 978 1091 1.12 42.4 0.000037 0.04 19.821 0.208 0.0531 0.0004 0.0504 0.0005 317.2 3.3
12.1 1275 1443 1.13 54.9 0.000062 0.10 19.950 0.209 0.0535 0.0004 0.0501 0.0005 315.0 3.2
13.1 670 1049 1.56 29.0 0.000023 0.00 19.853 0.212 0.0528 0.0005 0.0504 0.0005 316.8 3.3
14.1 449 390 0.87 19.7 0.000370 0.56 19.604 0.215 0.0573 0.0011 0.0507 0.0006 319.0 3.5
15.1 697 796 1.14 29.8 0.000006 0.07 20.078 0.214 0.0532 0.0005 0.0498 0.0005 313.1 3.3
16.1 959 886 0.92 40.9 0.000014 0.18 20.135 0.227 0.0540 0.0004 0.0496 0.0006 311.9 3.5
17.1 1112 1229 1.10 47.9 0.000038 <0.01 19.943 0.208 0.0523 0.0004 0.0502 0.0005 315.5 3.2
18.1 443 434 0.98 19.1 0.000046 <0.01 19.881 0.218 0.0525 0.0006 0.0503 0.0006 316.4 3.4
19.1 488 394 0.81 21.2 0.000184 0.15 19.734 0.215 0.0540 0.0006 0.0506 0.0006 318.2 3.4
20.1 963 1104 1.15 40.2 0.000002 0.11 20.594 0.218 0.0533 0.0004 0.0485 0.0005 305.3 3.2
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Summary of SHRIMP U-Pb results for zircon from sample Granite;  883,  1051 - 1052.7.
Grain. U Th Th/U
206Pb* 204Pb/206Pb f206
238U/206Pb 207Pb/206Pb 206Pb/238U 206Pb/238U
spot (ppm) (ppm) (ppm) % ± ± ± Age (Ma) ±
1.1 1218 611 0.50 50.2 0.000051 0.07 20.850 0.216 0.0530 0.0004 0.0479 0.0005 301.8 3.1
2.1 310 162 0.52 13.0 0.000007 0.04 20.526 0.232 0.0528 0.0007 0.0487 0.0006 306.5 3.4
3.1 270 136 0.50 11.5  - 0.09 20.183 0.233 0.0534 0.0008 0.0495 0.0006 311.5 3.6
4.1 417 139 0.33 17.6 0.000105 <0.01 20.320 0.224 0.0525 0.0006 0.0492 0.0005 309.7 3.4
5.1 681 347 0.51 29.3  - <0.01 20.000 0.213 0.0526 0.0005 0.0500 0.0005 314.5 3.3
6.1 360 245 0.68 15.1  - 0.06 20.450 0.232 0.0530 0.0007 0.0489 0.0006 307.6 3.5
7.1 213 138 0.65 8.9  - 0.28 20.517 0.244 0.0547 0.0010 0.0486 0.0006 306.0 3.6
8.1 104 103 0.99 4.3 0.000595 0.14 20.810 0.294 0.0535 0.0013 0.0480 0.0007 302.1 4.2
9.1 724 234 0.32 25.8 0.000099 0.16 24.139 0.257 0.0527 0.0005 0.0414 0.0004 261.3 2.8
10.1 87 38 0.43 3.6 0.000670 0.27 20.719 0.290 0.0545 0.0016 0.0481 0.0007 303.1 4.2
11.1 480 147 0.31 20.2 0.000063 0.14 20.440 0.227 0.0536 0.0006 0.0489 0.0005 307.5 3.4
12.1 802 392 0.49 33.5 0.000054 0.15 20.560 0.217 0.0537 0.0005 0.0486 0.0005 305.7 3.2
13.1 755 399 0.53 31.3 0.000056 0.05 20.682 0.219 0.0528 0.0005 0.0483 0.0005 304.2 3.2
14.1 806 414 0.51 34.5 0.000009 <0.01 20.077 0.211 0.0523 0.0004 0.0498 0.0005 313.5 3.3
15.1 202 144 0.71 8.4 0.000300 0.15 20.579 0.246 0.0537 0.0009 0.0485 0.0006 305.4 3.6
16.1 224 118 0.53 9.4 0.000067 0.07 20.387 0.295 0.0531 0.0009 0.0490 0.0007 308.5 4.4
17.1 368 310 0.84 15.2 0.000057 0.10 20.734 0.234 0.0532 0.0007 0.0482 0.0006 303.4 3.4
18.1 322 159 0.49 13.5 0.000121 0.16 20.447 0.230 0.0538 0.0007 0.0488 0.0006 307.3 3.4
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Summary of LA-ICPMS U-Pb results for zircon from Sericite Hill sample CG17-278
Analysis Name U238 +/- Th232 +/- Th/U Pb206 +/- Pb207 +/- Pb208 +/-
B226 817 18 158 3 0.19 43 1 4 0 8 0
B229 602 14 278 6 0.46 26 1 2 0 3 0
B228 130 2 21 0 0.16 6 0 0 0 0 0
B214 364 7 58 1 0.16 17 0 1 0 1 0
B224 757 15 140 3 0.18 34 1 2 0 4 0
B225 446 14 83 2 0.19 20 1 1 0 1 0
B215 367 7 83 2 0.23 18 1 1 0 2 0
B234 483 10 100 2 0.21 23 1 1 0 2 0
B232 560 10 158 4 0.28 27 1 1 0 2 0
B233 728 14 149 2 0.21 36 1 2 0 3 0
B217 436 8 123 2 0.28 21 1 1 0 2 0
B230 2821 54 863 15 0.31 157 4 19 1 41 1
B213 109 2 49 1 0.45 6 0 0 0 1 0
Analysis Name 206Pb/238U +/- 08Pb/232T +/- 207Pb/206Pb +/- 206Pb/238U +/- common Pb
B226 0.047722 1.39% 0.04717 4.5% 0.101216 2.2% 301 4 0.856
B229 0.045685 1.48% 0.01088 3.8% 0.064902 2.6% 288 4 0.855
B228 0.045093 1.41% 0.01545 4.6% 0.050852 3.3% 284 4 0.854
B214 0.045344 1.24% 0.01515 3.7% 0.054494 1.7% 286 4 0.855
B224 0.046408 1.36% 0.02914 3.8% 0.072298 2.0% 292 4 0.855
B225 0.045433 1.26% 0.01447 4.2% 0.051356 2.0% 286 4 0.855
B215 0.04651 1.24% 0.01783 3.0% 0.059731 1.7% 293 4 0.855
B234 0.046286 1.30% 0.01497 3.4% 0.051744 1.4% 292 4 0.855
B232 0.046604 1.31% 0.01486 2.9% 0.052926 1.6% 294 4 0.855
B233 0.04724 1.23% 0.01881 4.4% 0.057686 2.8% 298 4 0.855
B217 0.046965 1.22% 0.01471 3.2% 0.052446 1.4% 296 4 0.855
B230 0.052295 1.36% 0.04454 2.6% 0.120935 1.1% 329 4 0.858
B213 0.049161 1.36% 0.01437 4.0% 0.054053 3.0% 309 4 0.856
Appendix 2.6: Re-Os Geochronology Data
Summary of Re-Os results from sample 890W6 787.48-787.56m
Re
187 Re 187 Os Model Age
ppm ± ppb ± ppb ± (Ma) ±
0.1053 0.003 66.19 0.20 0.37 0.003 334.8 3.3
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Appendix 3.1: Whole Rock Geochemistry
Analyte Wgt SiO2 Al2O3 Total Fe FeO Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 LOI TOT/C TOT/S Sum
Unit KG % % % % % % % % % % % % % % % % %
MDL 0.01 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.002 -5.11 0.01 0.01 0.01
Method WGHT LF200 LF200 LF200 GC806 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 TG001 TC000 TC000 LF200
Sample Prospect/Area Rock Type UTM E UTM N
1137 142.5 Redcap Conglomerate 0.27 59.55 7.14 5.11 N.A. N.A. 2.29 13.5 0.24 2.34 0.61 0.09 0.81 0.006 8.1 1.94 0.04 99.87
1137 191.6 Redcap Conglomerate 0.23 69.1 5.48 2.92 N.A. N.A. 1.29 16.4 0.73 2.46 0.28 0.06 0.2 0.006 0.9 0.07 <0.01 99.91
CG17-310 Redcap Dacite 227493 8110657 0.17 69.1 14.95 4.44 3.84 0.6 0.27 1.61 3.51 3.85 0.43 0.08 0.17 <0.002 1.4 0.1 0.38 99.89
CG17-309 Redcap Quartz Rhyolite 227361 8110588 0.1 78.67 13.11 1.01 0.58 0.43 0.4 0.05 0.08 4.15 0.12 0.03 0.05 <0.002 2.1 0.05 0.02 99.83
CG17-308 Redcap Quartz Rhyolite 227162 8110478 0.19 75.94 13.85 0.85 0.54 0.31 0.08 0.87 1.99 4.9 0.16 0.02 0.01 <0.002 1.2 0.03 0.01 99.9
CG17-311 Redcap Quartz Rhyolite 227626 8110779 0.11 80.04 12.52 1.02 0.43 0.59 0.28 0.03 0.06 3.54 0.14 0.02 0.02 <0.002 2.2 0.04 <0.01 99.91
CG17-312 Redcap Quartz Rhyolite 227767 8110857 0.29 70.79 19.05 1.14 0.22 0.92 0.08 0.02 0.15 4.77 0.66 0.03 0.01 0.003 3.2 0.04 <0.01 99.91
949 538.5A Redcap Dacite 0.13 68.65 14.46 5.58 4.68 0.9 1.3 3.4 2.14 2.25 0.5 0.09 0.1 0.002 1.4 0.01 0.46 99.89
CG16-52 Redcap Dacite 227061 8109320 67.85 14.54 5 3.67 1.33 1.21 3.71 2.56 2.46 0.5 0.08 0.14 0.003 1.8 0.04 0.31 99.89
CG16-55 Redcap Dacite 226314 8110569 0.21 68.14 14.82 4.69 3.45 1.24 1.57 3.87 2.48 2.59 0.51 0.08 0.06 0.003 1 <0.01 0.01 99.9
CG16-45 Redcap Dacite 228217 8107946 0.14 65.19 16.18 4.95 3.11 1.84 1.49 3.78 3.15 2.5 0.66 0.1 0.1 <0.002 1.8 0.04 0.05 99.9
RC16-007 Redcap Basalt 225955 8109002 0.25 48.28 14.87 12.7 10.14 2.56 6.73 10.33 2.21 1.13 1.67 0.15 0.17 0.025 1.4 0.02 0.03 99.72
949 538.5B Redcap Dacite 0.14 68.31 14.9 4.89 3.87 1.02 1.34 3.49 2.46 2.35 0.51 0.09 0.1 0.003 1.4 0.02 0.28 99.89
CG16-48 Redcap Dacite 227654 8108674 0.19 65.59 15.3 5.12 3.61 1.51 1.88 3.63 3.21 3.26 0.62 0.09 0.05 <0.002 1.1 0.03 <0.01 99.9
CG16-50 Redcap Dacite 227421 8108785 0.17 64.23 16.02 5.25 3.41 1.84 1.94 4.3 3.55 2.88 0.66 0.11 0.1 <0.002 0.8 0.03 <0.01 99.89
CG16-49 Redcap Dacite 227531 8108824 0.2 68.48 15.09 4.5 3.25 1.25 0.63 3.04 3.15 3.63 0.59 0.09 0.05 0.002 0.6 0.03 <0.01 99.92
CG16-46 Redcap Dacite 227976 8108230 0.2 64.34 15.69 5.87 4.31 1.56 1.91 4.41 3.19 2.86 0.64 0.1 0.09 <0.002 0.7 0.03 <0.01 99.89
CG16-54 Redcap Dacite 227976 8108230 0.22 68.97 14.67 4.49 3.33 1.16 1.07 3.78 2.79 2.66 0.52 0.08 0.08 0.004 0.7 0.02 <0.01 99.91
CG16-56 Redcap Dacite 226218 8110758 0.25 68.74 15.03 4.22 3.15 1.07 1.25 3.59 2.9 2.52 0.51 0.09 0.09 0.003 0.9 0.02 <0.01 99.9
955 583 Redcap Dacite 0.12 69.88 14.3 5.45 4.52 0.93 1.08 3.03 1.06 2.48 0.49 0.09 0.09 0.002 1.9 0.07 0.61 99.87
CG16-59A Redcap Quartz Rhyolite 226148 8111247 0.15 76.15 13.49 0.98 0.36 0.62 0.18 0.06 0.18 7.25 0.13 0.02 0.02 <0.002 1.4 0.02 0.06 99.92
CG16-57 Redcap Quartz Rhyolite 226424 8111044 0.17 67.06 15.18 5.24 3.59 1.65 1.21 3.99 2.75 2.77 0.52 0.1 0.08 0.002 1 0.03 <0.01 99.9
1099 315 Redcap Rhyolite Porphyry 0.12 69.57 15.45 1.03 0.83 0.2 1.06 8.74 1.58 1.03 0.41 0.11 0.05 <0.002 0.8 0.02 <0.01 99.9
CG16-59B Redcap Quartz Rhyolite 226148 8111247 0.12 75.6 14.19 0.96 0.43 0.53 0.15 0.04 0.15 6.64 0.12 0.03 0.02 <0.002 2 0.03 0.02 99.94
GPS339B Ruddygore Mafic Enclave 228363 8107279 0.04 52.51 15.76 10.39 N.A. N.A. 5.78 6.98 3.49 1.95 0.68 0.1 0.22 0.022 1.8 0.14 0.01 99.74
17PI01 Ruddygore Granodiorite 225001 8111143 0.17 53.05 16.43 6.92 5.14 1.78 4.28 9.56 3.18 2.84 0.72 0.09 0.61 0.007 2 0.25 0.01 99.8
CG16-62 Ruddygore Granitic Rock 224998 8112024 0.31 65.58 15.19 4.8 3.34 1.46 2.23 4.63 2.58 3.03 0.49 0.07 0.07 0.004 1.2 0.01 <0.01 99.89
GPS339A Ruddygore? Granodiorite 228363 8107279 0.17 65.71 15.14 5.02 3.99 1.03 2.1 3.89 2.79 3.65 0.57 0.09 0.08 0.005 0.7 0.04 <0.01 99.85
CG16-34 Ruddygore-1 Granodiorite 228571 8104401 0.18 62.78 16.07 5.82 3.7 2.12 2.72 5.51 2.63 2.3 0.59 0.1 0.13 0.004 1.2 0.01 <0.01 99.87
CG16-38 Ruddygore-1 Granodiorite 228585 8105233 0.17 64.65 15.31 5.03 3.33 1.7 2.32 4.71 2.71 2.92 0.51 0.07 0.08 0.003 1.6 0.02 <0.01 99.9
CG16-39A Ruddygore-1 Granodiorite 228704 8105583 0.16 68.01 14.7 4.14 2.87 1.27 1.56 3.35 2.72 4.03 0.47 0.09 0.06 0.003 0.7 0.01 <0.01 99.9
CG16-36 Ruddygore-1 Granodiorite 228433 8104645 0.23 64.33 15.89 5.27 3.42 1.85 2.45 5.23 2.81 2.48 0.55 0.09 0.1 0.004 0.6 0.02 <0.01 99.89
CG16-35A Ruddygore-1 Granodiorite 228573 8104508 0.13 67.7 14.83 4.08 2.89 1.19 1.82 4.02 2.76 3.11 0.39 0.07 0.07 0.003 1 0.05 <0.01 99.91
CG16-39B Ruddygore-1 Granodiorite 228704 8105583 0.26 68.63 14.6 3.92 2.7 1.22 1.5 3.31 2.69 4.1 0.46 0.08 0.06 0.003 0.5 0.03 <0.01 99.9
CG16-35B Ruddygore-1 Granodiorite 228573 8104508 0.15 68.41 14.4 3.69 2.66 1.03 1.68 3.61 2.55 3.65 0.35 0.07 0.07 0.004 1.4 0.07 <0.01 99.9
CG16-37 Ruddygore-1 Granodiorite 228423 8104815 0.21 62.17 16.2 5.77 3.98 1.79 2.91 5.67 2.83 2.14 0.59 0.1 0.1 0.005 1.3 0.02 <0.01 99.86
CG16-40 Ruddygore-2 Granodiorite 228828 8106010 0.22 67.99 14.82 4.07 2.95 1.12 1.57 3.28 2.79 3.92 0.46 0.08 0.06 0.004 0.8 <0.01 <0.01 99.89
CG16-42 Ruddygore-2 Granodiorite 228426 8106982 0.21 67.28 14.88 4.32 3.02 1.3 1.72 3.6 2.8 3.79 0.49 0.08 0.06 0.003 0.8 0.02 <0.01 99.89
CG16-43 Ruddygore-2 Granodiorite 228442 8107529 0.2 65.73 15.37 4.67 3.58 1.09 1.93 4.19 2.74 3.6 0.56 0.1 0.07 0.005 0.9 <0.01 <0.01 99.89
CG16-44 Ruddygore-2 Granodiorite 228393 8107763 0.17 64.7 15.42 4.97 3.94 1.03 2.21 4.59 2.59 3.38 0.62 0.11 0.07 0.005 1.2 0.04 <0.01 99.88
CG16-63 Belgravia Granodiorite 224876 8112007 0.19 65.06 15.2 5.04 3.44 1.6 2.19 4.4 2.81 2.88 0.51 0.07 0.1 0.003 1.6 0.01 <0.01 99.9
184
Fe2O3/FeO Ba Sc Cs Ga Hf Nb Rb Sn Sr Ta Th U V W Zr Y La Ce Pr Nd Sm
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM
1 1 0.1 0.5 0.1 0.1 0.1 1 0.5 0.1 0.2 0.1 8 0.5 0.1 0.1 0.1 0.1 0.02 0.3 0.05
LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200
Sample
1137 142.5 N/A 574 21 1.7 9.7 2.1 5.3 90.3 14 108.6 0.4 5.4 1.9 131 2.7 81.9 11.7 18.4 37.5 4.43 15.5 3.16
1137 191.6 N/A 494 5 18.2 5.1 3.4 4.4 82.6 5 168.7 0.4 4.9 1.6 41 0.7 119.1 15.6 13.2 29 3.52 14.3 2.83
CG17-310 0.16 497 9 5.2 15 5.7 8 163.5 10 142.2 0.8 23.2 5.9 45 1.2 195.5 38.9 39.8 73.7 8.89 32.1 6.42
CG17-309 0.74 264 4 3.1 15.6 4.3 7.8 233.4 74 6.7 1.1 23.2 3.4 <8 11.8 109.5 22 15.6 33.2 3.53 12.7 2.55
CG17-308 0.57 481 5 4 14.3 4.4 6.4 183.4 3 84.1 0.8 22.2 6.1 16 2.7 118.4 81.7 48.4 104.9 13.57 53.8 12.11
CG17-311 1.37 227 7 7.4 14.2 5.2 8.8 181.3 20 11 1.2 23.1 5.4 9 7.9 143.4 29 31.1 67.3 8.24 30.6 6.58
CG17-312 4.18 392 19 10.6 18.5 4.9 9 214.8 4 68.8 1 16.6 4 61 4.9 163.4 24 27.8 47.8 4.95 17.2 3.53
949 538.5A 0.19 335 14 7.7 16.3 4.5 7.7 174.1 7 154.7 0.6 11.7 2.9 68 13.4 144.9 27 27.5 54.7 6.65 26 5.64
CG16-52 0.36 423 14 5.6 17.2 4.2 8 120.9 5 178.4 0.8 12.7 2.9 67 1.4 142.7 33 30.3 58.6 7.21 28.2 6.12
CG16-55 0.36 448 14 9.1 17.4 4.4 8.4 168.9 3 171.9 0.8 12.7 3.2 69 1.6 149.2 42.6 32.8 63.7 7.54 28.5 6.37
CG16-45 0.59 470 15 3.9 16 4.8 7.7 94.4 2 205.8 0.9 18.7 4.9 97 1.5 163 35.1 32.3 64.6 7.8 29.8 6.18
RC16-007 0.25 54 37 9.4 17.7 2.9 6.2 69.1 <1 234.5 0.4 0.6 0.1 334 <0.5 102.9 28.9 7.8 18.2 2.81 13.6 3.77
949 538.5B 0.26 433 14 7.1 16.2 4.9 7.7 180.8 6 177 0.8 13 6.7 70 20.6 173.1 28.1 30.2 60.9 7.38 29.1 5.87
CG16-48 0.42 391 13 14.5 16.2 4.4 7.3 195.8 2 169.9 0.9 20 5.5 101 3.1 142.6 32.7 29.7 58.6 7.04 25 5.12
CG16-50 0.54 374 16 12.4 16.7 4.8 7.9 167 4 207.4 1 17.9 4.6 105 2.7 175.2 37.5 29.8 59.3 7.05 26.1 5.62
CG16-49 0.38 434 11 11.3 15 5 8.1 199 4 165.8 1.1 25.3 6.2 79 4.1 165.4 31.7 32.7 62.7 7.46 26.8 5.07
CG16-46 0.36 361 14 6.4 16 4.4 7 166.1 2 191.3 0.8 17.4 4.2 100 0.9 152.5 33.6 29.1 56.4 6.81 24.8 5.06
CG16-54 0.35 448 14 7.3 15.5 4.2 7.8 113.2 2 167 0.7 13 2.8 65 1.9 144.2 27 28.5 57 7 26.4 5.42
CG16-56 0.34 434 14 5 15.1 4.5 8 119.5 3 169.4 0.8 13.7 3.4 72 3.9 157.4 30.3 29.6 58.3 7.45 27.5 5.96
955 583 0.21 337 13 9 20.3 4.5 7.9 195.2 8 111.2 0.6 11.7 2.9 61 16 154.4 26.4 27 54 6.76 25.7 5.45
CG16-59A 1.72 460 4 6.3 15.5 4.5 8.4 388 43 55.3 1.2 24.2 4.4 18 7.8 114.2 34.4 32 56.6 7.1 26.1 5.44
CG16-57 0.46 448 14 11.5 17.3 4.6 7.6 175.6 3 173.8 0.7 12.8 3.3 69 1.9 148.5 31.1 29.7 58 7.14 27.1 5.8
1099 315 0.24 103 7 7.1 14.6 4.4 7.5 36.4 3 274 0.7 11 2.7 52 2.5 140.1 24.6 26.8 53 6.51 26.4 5.28
CG16-59B 1.23 397 5 6.7 16.1 4.7 8.7 410.1 20 38.5 1.3 29.3 5.9 <8 7.1 124.5 63.4 45.6 85.3 11.44 44.1 9.49
GPS339B N/A 312 46 6.9 16.9 3 12.4 169.6 7 170 1.3 10.3 3.7 176 6.1 71.2 84.2 45.4 119.7 16.37 66.1 15.97
17PI01 0.35 1144 23 7.6 14.6 2.2 4 162.9 34 375.7 0.4 6 1.4 175 1.4 73.5 15.4 15.1 29.2 3.52 13.2 2.86
CG16-62 0.44 419 14 7.3 14.1 4 6.2 147.3 2 164.3 0.8 17.6 3.4 95 2.8 122 21.1 25.3 48 5.62 20.6 3.95
GPS339A 0.26 531 12 7.9 15.6 4.9 9 188.5 3 164 0.7 19.1 4 88 1.9 163.2 27 35 70.5 8.28 29.7 6.12
CG16-34 0.57 375 15 6.6 15.8 3.4 6.2 113.7 2 218 0.7 11.8 1.4 110 3.2 122 22.2 26 50 5.91 21.8 4.17
CG16-38 0.51 380 13 6.9 14.5 3.8 6.1 132.9 2 192.4 0.7 17.9 2.7 97 1.4 117.7 18.6 25.7 49.9 5.43 18.9 4.05
CG16-39A 0.44 501 10 11.3 15.3 5.8 9.8 223.8 4 141 1.6 26 7.2 72 1.6 182.1 32.9 33.8 69.5 8.12 29.2 6.05
CG16-36 0.54 345 14 9.9 14.9 4 7 124.5 2 208.5 0.9 14.9 4.2 101 3.3 118.1 22 25.6 51.2 6.1 22.4 4.27
CG16-35A 0.41 329 11 6.5 13.4 3.5 5.9 148.4 2 166.1 0.9 21.1 5 71 2.2 102.3 18.7 26.4 48.9 5.45 19.4 3.69
CG16-39B 0.45 515 10 11.3 14.6 5.3 9.3 222.6 4 140.8 1.7 26.3 7.7 71 1.7 161.7 33.9 37.3 75.6 8.69 32.1 6.03
CG16-35B 0.39 456 10 6.1 14.9 3.2 6 160.1 2 162.5 0.8 20.5 5 64 3.6 103.3 17.2 26.4 48.3 5.27 18.4 3.61
CG16-37 0.45 356 16 7.8 15.7 3.2 6.1 106.9 2 221 0.6 10.9 1.7 126 2.1 109.1 19.3 22.6 46.4 5.54 20.4 3.92
CG16-40 0.38 546 10 11.3 14.5 5 9 223 5 154.6 1 24.3 4.6 68 0.9 165.7 25.2 38 72.1 8.58 29.8 5.87
CG16-42 0.43 488 10 9 14.8 5.5 8.2 196.3 6 153 0.8 28.7 5 82 1.2 188 27.2 51.4 98.5 11.02 37 6.52
CG16-43 0.30 523 12 8.6 15.4 5.6 8.4 185.4 2 177 1 21.8 2.7 87 1 192.7 27.9 37 75.6 8.91 32.9 6.35
CG16-44 0.26 608 13 5.5 15.7 4.9 8.6 158.8 3 195.1 0.8 14.8 2.9 98 1.3 162.3 26.8 29.2 59 7.23 27.8 5.59
CG16-63 0.47 428 15 4.6 14.5 4 6.5 122.7 3 186.3 0.9 16.1 2.8 101 4.3 119.7 22.5 26.1 48.8 5.9 22.2 4.31
185
Eu Gd Tb Dy Ho Er Tm Yb Lu Ni Mo Cu Pb Zn Ag Ni Co Mn As Au Cd Sb
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPB PPM PPM PPM PPM PPB PPM PPM
0.02 0.05 0.01 0.05 0.02 0.03 0.01 0.05 0.01 10 0.01 0.01 0.01 0.1 2 0.1 0.1 1 0.1 0.2 0.01 0.02
LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 MA370 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252
Sample
1137 142.5 0.87 2.78 0.39 2.22 0.46 1.2 0.19 1.29 0.19 24 1.76 8.96 15.57 112.1 124 20.2 8.1 4697 11.3 0.7 0.14 1.55
1137 191.6 0.49 2.66 0.44 2.54 0.57 1.51 0.24 1.61 0.23 11 0.38 31.02 19.43 37.5 213 3.3 1.3 649 11.2 1.5 0.16 0.82
CG17-310 0.89 6.32 1.02 6.1 1.34 4.09 0.61 4.02 0.58 <10 0.32 17.78 7.34 88.1 65 2.4 5.3 1111 11.7 1.7 0.01 0.53
CG17-309 0.16 2.75 0.52 3.49 0.84 2.42 0.38 2.63 0.37 <10 0.27 24.66 874.39 24.1 654 1.4 0.2 110 476.3 14.5 <0.01 2.31
CG17-308 1.18 13.01 2.21 13.27 2.74 8.61 1.17 7.29 1.09 <10 0.34 27.79 3.52 81.3 120 1.2 0.3 59 2.2 0.9 0.25 0.03
CG17-311 0.52 5.52 0.89 4.97 1.14 3.19 0.52 3.41 0.47 <10 0.57 19.21 59.99 60.3 109 0.9 0.2 66 42.4 0.3 0.2 1.01
CG17-312 0.82 3.63 0.64 4.1 0.99 2.99 0.44 3.03 0.47 <10 0.34 8.18 4.61 18.7 25 1.3 0.2 25 5.1 0.2 0.01 1.28
949 538.5A 0.93 5.48 0.91 4.78 1.16 3.19 0.49 3.07 0.48 <10 20.22 195.22 4.09 109 159 4.4 10.3 581 0.5 6.2 0.2 0.1
CG16-52 1.04 6 1.03 5.66 1.32 3.81 0.59 3.74 0.54 <10 0.29 23.45 16.4 189 271 4.2 10.9 806 3.5 0.7 1.03 0.55
CG16-55 1.11 6.58 1.16 6.87 1.5 4.49 0.71 4.22 0.64 <10 0.29 6.24 7.89 71.5 44 5.4 10 324 2.3 1.2 0.33 0.15
CG16-45 1.09 6.24 1.04 5.93 1.34 4.24 0.63 4.43 0.63 <10 0.32 15.67 4.69 48.4 91 5 13.2 623 13.8 <0.2 0.09 0.23
RC16-007 1.43 4.88 0.91 5.23 1.18 3.38 0.48 3.09 0.44 76 0.21 213.27 1.82 261.5 410 39.1 22.1 353 22.7 1.5 2.57 0.35
949 538.5B 1 5.66 0.97 5.26 1.22 3.41 0.5 3.4 0.5 <10 11.9 94.79 4.95 107.1 73 4.4 8.4 582 0.7 1.2 0.16 0.08
CG16-48 0.96 5.24 0.9 5.41 1.16 3.7 0.57 3.9 0.59 <10 0.32 2.08 5.06 34.8 34 4 12.5 340 1.3 <0.2 0.04 0.26
CG16-50 1.12 5.71 1.01 5.92 1.34 4.24 0.65 4.27 0.63 <10 0.32 9.93 2.85 54.6 30 4.2 10.8 522 1.4 <0.2 0.05 0.25
CG16-49 0.83 5.17 0.88 4.96 1.22 3.34 0.6 4.04 0.63 <10 0.49 4.2 5.94 23.9 23 3 8.2 230 0.6 <0.2 0.05 0.35
CG16-46 1.02 5.48 0.95 5.67 1.23 3.64 0.58 3.75 0.58 <10 0.51 9.62 8.39 79.6 31 4.2 11.5 353 2.8 <0.2 0.05 0.11
CG16-54 0.95 5.3 0.86 5.3 1.04 3.18 0.45 2.99 0.45 <10 0.34 4.81 7.94 50.1 36 3.9 8.8 459 0.9 <0.2 0.15 0.1
CG16-56 1.06 5.55 0.96 5.59 1.11 3.34 0.54 3.3 0.5 <10 0.32 5.96 33.2 199 119 3.9 7.4 520 2.5 <0.2 1.56 0.1
955 583 0.9 5.39 0.83 4.81 0.98 3.02 0.45 2.8 0.41 <10 51.77 377.57 8.39 69.2 251 3.7 6.2 493 0.8 11.2 0.16 0.06
CG16-59A 0.5 5.45 0.88 5.63 1.25 3.63 0.54 3.71 0.55 <10 0.39 4.55 255.32 9.4 324 1.3 0.3 57 185 0.4 0.06 12.49
CG16-57 1.05 5.95 0.93 5.57 1.19 3.53 0.5 3.27 0.49 <10 0.26 5.08 7.56 82.2 33 4.4 10.1 400 3.5 1.6 0.58 0.18
1099 315 0.62 4.8 0.8 4.72 0.97 2.79 0.39 2.58 0.36 <10 86.25 6.1 7.36 11.8 73 0.8 0.5 55 0.9 0.6 0.14 0.24
CG16-59B 0.75 9.8 1.65 9.61 2.17 6.42 0.91 5.81 0.89 <10 0.33 4.56 55.35 7.3 55 0.7 0.2 50 173.5 <0.2 0.06 9.27
GPS339B 1.09 15.36 2.51 14.84 3.08 9.24 1.33 8.51 1.31 23 1.13 104.75 37.03 125.2 142 18.9 17.8 937 11.9 1.8 0.15 0.77
17PI01 0.8 2.99 0.48 2.82 0.56 1.72 0.25 1.65 0.28 18 0.48 22.53 13.87 46.1 74 11 12.7 2270 17.4 0.8 0.06 1.63
CG16-62 0.76 3.82 0.6 3.59 0.73 2.28 0.35 2.23 0.34 <10 0.26 9.54 8.54 28.2 30 5.3 9 248 0.9 <0.2 0.04 0.15
GPS339A 0.84 5.49 0.85 4.85 0.99 2.88 0.4 2.67 0.41 10 0.63 24.44 17.21 57.8 46 9.1 10 362 2.8 1.5 0.08 0.14
CG16-34 0.91 4.21 0.65 3.64 0.78 2.38 0.36 2.33 0.36 <10 0.56 14.99 38.12 103.8 139 6.3 11.3 606 2.1 <0.2 0.24 0.15
CG16-38 0.76 3.51 0.58 3.22 0.69 2.03 0.31 2.2 0.32 <10 0.51 10.08 11.22 37.3 47 6.4 9.2 330 1.5 <0.2 0.06 0.08
CG16-39A 0.8 5.37 0.91 5.15 1.17 3.7 0.55 3.9 0.59 <10 0.4 10.51 13.24 35.6 35 6.4 8.1 339 1.1 <0.2 0.06 0.11
CG16-36 0.82 4.11 0.67 3.83 0.86 2.36 0.37 2.53 0.39 <10 0.82 11.97 16.81 68.2 71 6.7 9.5 397 2.1 2.6 0.1 0.14
CG16-35A 0.7 3.43 0.55 3.09 0.67 2.1 0.31 1.95 0.35 <10 0.41 8.19 11.8 42.2 39 6.2 7.6 330 1.1 1 0.06 0.08
CG16-39B 0.74 5.67 0.9 5.48 1.14 3.54 0.56 3.94 0.59 <10 0.42 9.49 14.73 38.3 36 6.2 8 332 0.9 0.8 0.06 0.12
CG16-35B 0.74 3.41 0.54 3.1 0.59 1.94 0.28 1.91 0.3 <10 0.63 6.22 12.64 45.2 46 6.3 7.6 328 1.3 0.8 0.07 0.07
CG16-37 0.91 3.81 0.62 3.57 0.76 2.14 0.32 2.03 0.31 <10 0.34 58.81 12.14 49.7 80 7.9 11.1 369 1.2 <0.2 0.12 0.06
CG16-40 0.83 5.19 0.81 4.74 0.92 2.93 0.41 2.87 0.42 <10 0.26 108.53 11.44 41 150 6 8.7 360 1.2 0.3 0.08 0.11
CG16-42 0.8 5.41 0.86 4.73 0.99 2.93 0.44 2.99 0.44 <10 0.23 8.2 9.8 32.9 38 6.7 8.7 345 0.9 <0.2 0.05 0.11
CG16-43 0.97 5.79 0.88 4.92 1.02 3 0.42 2.89 0.44 <10 0.57 11.84 12.1 41.5 49 7.9 9.1 290 2.4 2.8 0.07 0.11
CG16-44 1 5.27 0.82 4.59 1 2.77 0.45 2.73 0.43 10 1.33 26.15 9.04 36.5 46 8.5 9.9 275 4.4 <0.2 0.04 0.19
CG16-63 0.82 4.15 0.68 4 0.83 2.64 0.38 2.44 0.4 <10 0.26 8.39 7.59 32.4 63 5.4 9.6 471 3 <0.2 0.04 0.29
186
Bi Cr B Tl Hg Se Te Ge In Re Be Li Pd Pt F
PPM PPM PPM PPM PPB PPM PPM PPM PPM PPB PPM PPM PPB PPB PPM
0.02 0.5 1 0.02 5 0.1 0.02 0.1 0.02 1 0.1 0.1 10 2 10
AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 GC840
Sample
1137 142.5 0.39 27.3 3 0.12 13 <0.1 <0.02 0.6 0.11 <1 2.3 33.5 <10 <2 N.A.
1137 191.6 0.74 5.4 4 0.05 <5 <0.1 <0.02 <0.1 0.03 <1 1 0.9 <10 <2 N.A.
CG17-310 0.13 6.6 2 0.2 42 <0.1 <0.02 0.1 0.03 <1 0.5 27.2 <10 <2 355
CG17-309 0.89 2.9 2 0.35 5 0.1 0.08 <0.1 0.04 <1 0.3 2.6 <10 <2 922
CG17-308 0.11 3.3 1 0.09 9 <0.1 <0.02 <0.1 <0.02 1 0.3 0.9 <10 <2 176
CG17-311 1.36 2.1 4 0.32 <5 <0.1 <0.02 <0.1 0.26 <1 0.5 3.2 <10 <2 703
CG17-312 0.23 5 2 0.13 51 <0.1 <0.02 <0.1 <0.02 <1 0.2 0.2 <10 <2 300
949 538.5A 2.59 18.3 <1 1.19 <5 <0.1 0.19 0.2 0.1 2 0.5 27.7 <10 2 1520
CG16-52 0.6 16.7 1 0.49 <5 <0.1 <0.02 0.1 0.05 <1 0.2 22.4 <10 <2 478
CG16-55 0.1 21.1 <1 1.4 <5 <0.1 <0.02 0.1 <0.02 <1 0.5 8.3 <10 2 384
CG16-45 0.03 13.9 1 0.1 <5 <0.1 <0.02 0.2 0.03 <1 0.3 30.7 <10 <2 350
RC16-007 0.09 45.7 <1 0.99 <5 <0.1 <0.02 <0.1 <0.02 <1 0.1 34.2 <10 5 167
949 538.5B 0.87 19.2 <1 1.22 <5 <0.1 0.06 0.2 0.07 <1 0.6 28.2 <10 <2 1438
CG16-48 <0.02 11.6 <1 0.86 <5 <0.1 <0.02 0.2 <0.02 <1 0.4 21.8 <10 <2 365
CG16-50 <0.02 10.7 <1 0.76 <5 <0.1 <0.02 0.2 0.02 <1 0.2 10.8 <10 <2 264
CG16-49 0.14 10.7 2 0.8 <5 <0.1 <0.02 0.1 0.03 <1 0.3 16.6 <10 <2 386
CG16-46 0.03 11.9 1 0.52 <5 <0.1 <0.02 0.1 <0.02 <1 0.2 17.1 <10 <2 441
CG16-54 0.07 18.3 2 0.51 <5 <0.1 <0.02 0.1 0.04 <1 0.3 6.5 <10 <2 393
CG16-56 0.28 18.8 <1 0.47 <5 <0.1 <0.02 0.2 0.03 <1 0.3 18.7 <10 <2 453
955 583 2.15 16.2 2 1.1 <5 <0.1 0.47 <0.1 0.04 3 1.5 39.7 <10 <2 2040
CG16-59A 0.57 3.6 4 0.36 23 <0.1 <0.02 <0.1 0.17 <1 0.1 2.3 <10 <2 621
CG16-57 0.04 17 2 0.95 <5 <0.1 <0.02 0.1 <0.02 <1 0.3 13.9 <10 <2 502
1099 315 0.03 3.5 <1 0.04 <5 <0.1 <0.02 <0.1 <0.02 20 1.2 2.7 <10 <2 177
CG16-59B 0.04 2.1 7 0.28 9 <0.1 <0.02 <0.1 0.04 <1 0.3 2.2 <10 <2 752
GPS339B 0.44 78.3 20 0.54 <5 <0.1 <0.02 0.3 0.09 <1 1.2 58.7 <10 <2 N.A.
17PI01 0.22 14.4 5 0.39 <5 <0.1 <0.02 <0.1 0.04 2 0.1 17 <10 <2 384
CG16-62 <0.02 15.8 3 0.07 <5 <0.1 <0.02 0.1 <0.02 <1 0.2 19.2 <10 <2 290
GPS339A 0.24 23.8 3 0.69 <5 <0.1 <0.02 0.2 <0.02 <1 0.4 44.7 <10 <2 604
CG16-34 0.15 23.1 1 0.28 <5 <0.1 <0.02 0.1 <0.02 <1 0.2 31.9 <10 <2 276
CG16-38 0.08 19.7 2 0.13 <5 <0.1 <0.02 0.1 <0.02 <1 0.4 28.1 <10 <2 282
CG16-39A 0.08 20 <1 0.57 <5 <0.1 <0.02 0.2 0.02 <1 0.4 40.6 <10 <2 687
CG16-36 0.33 20.8 4 0.34 <5 <0.1 <0.02 0.1 0.03 <1 0.2 32.4 <10 <2 335
CG16-35A 0.06 16.9 3 0.2 <5 <0.1 <0.02 <0.1 <0.02 <1 0.2 45.2 <10 <2 294
CG16-39B 0.09 18.8 2 0.62 <5 <0.1 <0.02 0.2 0.03 <1 0.5 43.2 <10 <2 515
CG16-35B 0.06 20.4 3 0.19 <5 <0.1 <0.02 <0.1 <0.02 <1 0.3 40.7 <10 <2 296
CG16-37 0.04 23.9 2 0.19 <5 <0.1 <0.02 0.1 <0.02 <1 0.2 26.3 <10 <2 197
CG16-40 0.23 17.9 1 0.59 <5 <0.1 <0.02 0.1 0.03 <1 0.3 36.6 <10 <2 663
CG16-42 0.07 19.8 1 0.54 <5 <0.1 <0.02 0.1 0.02 <1 0.2 44.8 <10 <2 480
CG16-43 0.07 22.6 3 0.48 <5 <0.1 0.02 0.2 0.03 <1 0.5 43.8 <10 <2 574
CG16-44 0.06 22.4 2 0.2 <5 <0.1 <0.02 0.1 <0.02 <1 0.3 27.3 <10 <2 581
CG16-63 0.02 15.1 1 0.05 <5 <0.1 <0.02 0.1 <0.02 <1 0.3 9.3 <10 <2 407
187
Analysis Name 952w1-574mgt 952w1-574mgt 952w1-574mgt 
Appendix 3.2: Garnet Compositions be Microprobe 
952w1-574mgt 952-588msp2gt 973-437mgt 973-437mgt 973-437mgt 973-437mgt 973-437mgt 973-437mgt 952w1-574msp2gt 
SiO2  35.59 35.56 35.45 35.34 36.04 35.30 35.44 35.43 35.35 35.63 35.52 35.10
TiO2  0.00 0.00 0.00 0.02 0.13 0.09 0.05 0.11 0.06 0.09 0.09 0.00
Al2O3 2.37 2.42 1.64 2.48 6.57 1.68 1.67 2.22 2.06 1.69 2.48 1.60
Fe2O3 28.13 28.50 31.05 28.55 25.04 28.90 29.40 28.12 28.77 29.06 27.96 28.34
FeO   
MnO   0.50 0.53 0.83 0.51 1.24 0.08 0.06 0.00 0.05 0.10 0.02 0.06
MgO   0.00 0.00 0.01 0.03 0.00 0.17 0.11 0.27 0.27 0.14 0.25 0.05
CaO   34.10 34.11 32.77 33.92 32.73 34.49 34.52 34.78 34.83 34.95 34.78 33.67
Na2O  0.00 0.01 0.00 0.02 0.00 0.01 0.01 0.00 0.00 0.02 0.03 0.02
K2O   0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Total 100.68 101.14 101.76 100.88 101.77 100.73 101.27 100.93 101.40 101.68 101.14 98.84
Fe2O3 28.13 28.50 30.43 28.55 23.79 28.90 29.40 28.12 28.77 29.06 27.96 28.34
FeO   0.00 0.00 0.55 0.00 1.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.68 101.14 101.69 100.88 101.64 100.73 101.27 100.93 101.40 101.68 101.14 98.84
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.96 2.95 2.94 2.94 2.92 2.95 2.95 2.95 2.93 2.95 2.94 2.98
C Site Al4+ 0.04 0.05 0.06 0.06 0.08 0.05 0.05 0.05 0.07 0.05 0.06 0.02
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.20 0.19 0.10 0.18 0.54 0.11 0.11 0.16 0.13 0.11 0.19 0.14
B Site Ti4+ 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.00
B Site Fe3+ 1.76 1.78 1.90 1.79 1.45 1.82 1.84 1.76 1.80 1.81 1.74 1.81
B Site Sum 1.96 1.97 2.00 1.97 2.00 1.94 1.95 1.93 1.93 1.93 1.93 1.95
A site Fe2+ 0.00 0.00 0.04 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.03 0.04 0.06 0.04 0.08 0.01 0.00 0.00 0.00 0.01 0.00 0.00
A Site Mg+ 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.03 0.03 0.02 0.03 0.01
A site Ca2+ 3.04 3.03 2.91 3.03 2.84 3.09 3.08 3.10 3.10 3.10 3.09 3.07
A site Sum 3.08 3.07 3.01 3.06 3.00 3.11 3.09 3.13 3.13 3.12 3.12 3.08
Total Cation Sum 8.04 8.04 8.01 8.04 8.00 8.05 8.05 8.06 8.07 8.06 8.06 8.03
End Members (%)
% Andradite 90 90 92 91 69 94 94 92 93 94 90 93
% Grossular 10 10 5 9 26 6 6 8 7 6 10 7
% Pyralspite 0 0 3 0 5 0 0 0 0 0 0 0
1FeO calculated based on B site = 2.0
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Analysis Name 952w1-574msp2gt 952w1-574msp2gt 952w1-574msp2gt 1224-144msp2gt 1224-144msp2gt 1224-144msp2gt 1224-144msp2gt 1224-144msp2gt 1099340msp1gt 1099340msp1gt 1099340msp1gt 1099340msp1gt 
SiO2  35.08 35.20 34.88 35.52 36.16 35.11 35.09 35.90 35.15 35.49 35.25 35.34
TiO2  0.00 0.00 0.00 1.04 1.05 2.24 1.99 0.26 0.00 0.04 0.00 0.00
Al2O3 0.73 1.10 1.32 6.62 9.79 6.56 8.67 9.89 1.82 1.71 1.98 1.44
Fe2O3 30.72 30.23 30.10 20.83 16.18 19.48 16.42 17.07 28.85 29.24 29.10 28.95
FeO   
MnO   0.04 0.02 0.12 0.12 0.09 0.16 0.16 0.13 0.00 0.03 0.00 0.02
MgO   0.05 0.01 0.00 0.10 0.12 0.13 0.12 0.06 0.08 0.04 0.07 0.02
CaO   33.83 34.02 33.24 35.66 35.54 35.36 35.53 36.05 34.30 34.08 34.35 34.03
Na2O  0.00 0.00 0.00 0.02 0.04 0.01 0.00 0.03 0.00 0.02 0.00 0.00
K2O   0.02 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Total 100.48 100.58 99.66 99.91 98.98 99.06 97.99 99.39 100.20 100.64 100.75 99.80
Fe2O3 30.72 30.23 30.09 20.83 16.18 19.48 16.42 17.07 28.85 29.24 29.10 28.95
FeO   0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.48 100.58 99.66 99.91 98.98 99.06 97.99 99.39 100.20 100.64 100.75 99.80
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.95 2.95 2.95 2.91 2.93 2.90 2.90 2.91 2.95 2.96 2.94 2.98
C Site Al4+ 0.05 0.05 0.05 0.09 0.07 0.10 0.10 0.09 0.05 0.04 0.06 0.02
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.03 0.06 0.08 0.55 0.87 0.54 0.74 0.86 0.13 0.13 0.14 0.12
B Site Ti4+ 0.00 0.00 0.00 0.06 0.06 0.14 0.12 0.02 0.00 0.00 0.00 0.00
B Site Fe3+ 1.95 1.91 1.92 1.29 0.99 1.21 1.02 1.04 1.82 1.84 1.83 1.84
B Site Sum 1.97 1.97 2.00 1.90 1.92 1.88 1.88 1.92 1.95 1.97 1.97 1.96
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00
A Site Mg+ 0.01 0.00 0.00 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.01 0.00
A site Ca2+ 3.05 3.06 3.01 3.13 3.09 3.13 3.14 3.14 3.09 3.05 3.07 3.07
A site Sum 3.06 3.06 3.02 3.15 3.11 3.15 3.17 3.15 3.09 3.06 3.08 3.08
Total Cation Sum 8.04 8.04 8.02 8.06 8.04 8.04 8.05 8.08 8.05 8.03 8.05 8.03
End Members (%)
% Andradite 99 97 96 70 53 69 58 55 93 93 93 94
% Grossular 1 3 4 30 47 31 42 45 7 7 7 6
% Pyralspite 0 0 0 0 0 0 0 0 0 0 0 0
1FeO calculated based on B site = 2.0
189
Analysis Name 1099340msp1gt 1099340msp2gt 1099340msp2gt 1099340msp2gt 1099340msp2gt 1099340msp2gt 1100-312mgt 1100-312mgt 1100-312mgt 1100-312mgt 1100-312mgt 952w1-574msp1gt 
SiO2  35.42 35.50 35.48 35.40 35.38 35.35 35.18 34.95 35.14 35.16 35.20 35.17
TiO2  0.00 0.07 0.04 0.03 0.02 0.00 0.02 0.00 0.03 0.00 0.04 0.01
Al2O3 2.10 1.92 1.32 1.45 1.41 1.23 0.90 0.95 0.83 0.69 1.03 1.36
Fe2O3 28.33 29.08 30.49 30.09 29.81 30.15 29.88 29.18 29.65 30.16 29.39 29.33
FeO   
MnO   0.00 0.00 0.01 0.00 0.00 0.03 0.04 0.00 0.01 0.00 0.01 0.05
MgO   0.15 0.06 0.01 0.05 0.02 0.04 0.18 0.32 0.19 0.19 0.21 0.01
CaO   34.75 34.22 33.60 33.81 33.98 33.80 34.65 34.92 34.76 34.45 34.61 33.92
Na2O  0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.01 0.03 0.00 0.01 0.00
K2O   0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.75 100.85 100.95 100.83 100.63 100.64 100.86 100.33 100.64 100.65 100.50 99.84
Fe2O3 28.33 29.08 30.36 30.09 29.81 30.15 29.88 29.18 29.65 30.16 29.39 29.33
FeO   0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.75 100.85 100.94 100.83 100.63 100.64 100.86 100.33 100.64 100.65 100.50 99.84
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.95 2.96 2.96 2.96 2.96 2.96 2.95 2.94 2.95 2.95 2.96 2.97
C Site Al4+ 0.05 0.04 0.04 0.04 0.04 0.04 0.05 0.06 0.05 0.05 0.04 0.03
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.16 0.15 0.09 0.10 0.10 0.08 0.04 0.04 0.03 0.02 0.06 0.10
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.78 1.82 1.91 1.89 1.88 1.90 1.88 1.85 1.87 1.91 1.86 1.86
B Site Sum 1.93 1.97 2.00 1.99 1.98 1.98 1.92 1.89 1.91 1.93 1.92 1.96
A site Fe2+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A Site Mg+ 0.02 0.01 0.00 0.01 0.00 0.00 0.02 0.04 0.02 0.02 0.03 0.00
A site Ca2+ 3.10 3.05 3.00 3.03 3.05 3.03 3.11 3.15 3.13 3.10 3.11 3.07
A site Sum 3.12 3.06 3.01 3.03 3.05 3.04 3.14 3.19 3.15 3.13 3.14 3.07
Total Cation Sum 8.06 8.03 8.01 8.02 8.03 8.03 8.06 8.08 8.07 8.06 8.06 8.03
End Members (%)
% Andradite 92 93 95 95 95 96 98 98 98 99 97 95
% Grossular 8 7 5 5 5 4 2 2 2 1 3 5
% Pyralspite 0 0 0 0 0 0 0 0 0 0 0 0
1FeO calculated based on B site = 2.0
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Analysis Name 952w1-574msp1gt 952w1-574msp1gt 952w1-574msp1gt 952w1-574msp1gt 1144 96mB sp2gt 1144 96mA sp1g 1144 96mA sp1g 1144 96mA sp1g 1144 96mA sp1g 1144 96mA sp1g 1144 96mA sp1g 1144 96mA sp1gt 
SiO2  34.96 35.31 35.09 35.08 37.24 35.51 35.52 35.55 35.50 35.45 35.54 35.70
TiO2  0.02 0.01 0.00 0.15 0.06 0.05 0.02 0.03 0.00 0.00 0.00 0.05
Al2O3 1.06 1.11 0.66 0.57 0.35 0.06 0.09 0.12 0.15 0.23 0.26 1.54
Fe2O3 30.14 29.85 29.10 31.00 30.48 30.06 30.06 30.33 30.76 29.78 29.45 28.50
FeO   
MnO   0.10 0.05 0.15 0.16 0.90 0.37 0.36 0.42 0.31 0.50 0.44 0.50
MgO   0.00 0.03 0.02 0.03 0.77 0.41 0.26 0.29 0.16 0.37 0.41 0.25
CaO   34.10 34.11 32.65 32.90 30.29 33.75 33.71 33.92 33.58 33.76 33.94 34.13
Na2O  0.00 0.00 0.02 0.01 0.01 0.00 0.02 0.00 0.00 0.02 0.02 0.00
K2O   0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Total 100.39 100.49 97.69 99.90 100.09 100.22 100.04 100.65 100.48 100.11 100.06 100.68
Fe2O3 30.14 29.85 29.10 30.86 30.48 30.06 30.06 30.33 30.76 29.78 29.45 28.50
FeO   0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.39 100.49 97.69 99.88 100.09 100.22 100.04 100.65 100.48 100.11 100.06 100.68
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.94 2.96 3.02 2.97 3.10 3.00 3.00 2.99 2.99 2.99 3.00 2.98
C Site Al4+ 0.06 0.04 0.00 0.03 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.02
C Site Sum 3.00 3.00 3.02 3.00 3.10 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.05 0.07 0.07 0.03 0.03 0.00 0.01 0.00 0.01 0.02 0.03 0.13
B Site Ti4+ 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.91 1.89 1.89 1.97 1.91 1.91 1.91 1.92 1.95 1.89 1.87 1.79
B Site Sum 1.96 1.96 1.95 2.00 1.95 1.91 1.92 1.92 1.95 1.91 1.90 1.93
A site Fe2+ 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.00 0.01 0.01 0.06 0.03 0.03 0.03 0.02 0.04 0.03 0.04
A Site Mg+ 0.00 0.00 0.00 0.00 0.10 0.05 0.03 0.04 0.02 0.05 0.05 0.03
A site Ca2+ 3.08 3.07 3.01 2.98 2.71 3.05 3.05 3.06 3.03 3.05 3.07 3.05
A site Sum 3.08 3.08 3.03 3.01 2.86 3.13 3.11 3.12 3.07 3.14 3.15 3.12
Total Cation Sum 8.05 8.04 8.00 8.01 7.92 8.04 8.04 8.04 8.03 8.05 8.05 8.05
End Members (%)
% Andradite 97 96 97 98 89 100 100 100 100 99 99 93
% Grossular 3 4 3 1 2 0 0 0 0 1 1 7
% Pyralspite 0 0 0 1 9 0 0 0 0 0 0 0
1FeO calculated based on B site = 2.0
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Analysis Name 1144 96mA sp1gt 1144 96mA sp1gt 949 172m sp1gt 949 172m sp1gt 949 172m sp1gt 949 172m sp1gt 1193 487m sp1 g 1193 487m sp1 g 978 422m sp2 gt 978 422m sp2 gt 978 422m sp2 gt 978 422m sp2 gt
SiO2  35.84 35.83 34.99 35.06 37.23 36.71 33.22 34.63 35.62 35.74 35.15 35.40
TiO2  0.01 0.01 0.00 0.01 0.21 0.17 0.00 0.00 0.05 0.03 0.06 0.23
Al2O3 1.66 1.96 0.03 0.03 5.91 6.83 0.02 0.01 3.85 4.21 2.22 3.43
Fe2O3 28.04 28.13 30.58 30.37 20.11 20.01 30.53 30.45 25.32 24.62 26.03 24.73
FeO   
MnO   0.48 0.52 0.15 0.16 0.32 0.29 0.75 0.80 0.26 0.28 0.32 0.31
MgO   0.29 0.23 0.18 0.18 0.12 0.10 0.18 0.17 0.15 0.17 0.65 0.52
CaO   34.06 34.13 33.96 33.98 36.00 35.96 31.74 31.72 32.95 32.89 32.41 32.76
Na2O  0.00 0.05 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K2O   0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Total 100.37 100.86 99.91 99.81 99.92 100.08 96.44 97.78 98.19 97.95 96.85 97.37
Fe2O3 28.04 28.13 30.58 30.37 20.11 20.01 30.53 30.45 25.32 24.62 26.03 24.73
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.37 100.86 99.91 99.81 99.92 100.08 96.44 97.78 98.19 97.95 96.85 97.37
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.99 2.98 2.97 2.98 3.04 2.99 2.93 3.00 3.00 3.01 3.02 3.01
C Site Al4+ 0.01 0.02 0.03 0.02 0.00 0.01 0.07 0.00 0.00 0.00 0.00 0.00
C Site Sum 3.00 3.00 3.00 3.00 3.04 3.00 3.00 3.00 3.00 3.01 3.02 3.01
B Site Al4+ 0.16 0.17 0.00 0.00 0.57 0.65 -0.06 0.00 0.38 0.42 0.22 0.34
B Site Ti4+ 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01
B Site Fe3+ 1.76 1.76 1.95 1.94 1.24 1.23 2.03 1.98 1.60 1.56 1.68 1.58
B Site Sum 1.92 1.93 1.95 1.94 1.82 1.88 1.97 1.98 1.99 1.98 1.91 1.94
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.03 0.04 0.01 0.01 0.02 0.02 0.06 0.06 0.02 0.02 0.02 0.02
A Site Mg+ 0.04 0.03 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.08 0.07
A site Ca2+ 3.05 3.04 3.09 3.09 3.15 3.14 3.00 2.94 2.97 2.97 2.98 2.98
A site Sum 3.12 3.11 3.12 3.13 3.19 3.17 3.08 3.02 3.01 3.01 3.09 3.07
Total Cation Sum 8.04 8.05 8.05 8.05 8.05 8.06 8.05 8.01 8.00 8.00 8.02 8.02
End Members (%)
% Andradite 92 91 100 100 68 65 100 98 80 78 88 82
% Grossular 8 9 0 0 32 35 0 0 19 21 12 18
% Pyralspite 0 0 0 0 0 0 0 2 1 1 1 1
1FeO calculated based on B site = 2.0
192
Analysis Name 978 422m sp2 gt 1193 490m sp1 gt 1193 490m sp1 gt 1193 490m sp1 gt 1193 490m sp2 gt 1193 490m sp2 g 1193 490m sp2 g 1193 487m sp1 g 1193 487m sp1 g 1193 487m sp1 g 1193 487m sp1 g 1193 487m sp1 gt
SiO2  35.66 35.20 35.67 35.38 35.09 35.17 35.06 34.80 34.39 34.25 34.74 34.72
TiO2  0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 4.39 0.33 3.71 0.69 0.03 0.16 0.02 0.09 0.02 0.00 0.07 0.04
Fe2O3 24.15 30.45 26.00 30.09 30.91 30.66 30.85 29.83 30.50 30.65 29.72 30.04
FeO   
MnO   0.30 0.24 0.33 0.29 0.31 0.31 0.27 0.80 0.76 1.35 0.83 0.78
MgO   0.35 0.19 0.17 0.08 0.07 0.07 0.07 0.29 0.11 0.06 0.28 0.21
CaO   32.96 32.17 32.78 32.21 32.05 32.14 32.08 31.69 31.64 30.95 31.51 31.58
Na2O  0.00 0.00 0.00 0.00 0.02 0.01 0.05 0.00 0.01 0.00 0.00 0.00
K2O   0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Total 97.91 98.59 98.66 98.74 98.48 98.52 98.40 97.51 97.44 97.26 97.14 97.37
Fe2O3 24.15 30.45 25.92 30.09 30.91 30.66 30.85 29.83 30.50 30.61 29.72 30.04
FeO   0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00
Total 97.91 98.59 98.65 98.74 98.48 98.52 98.40 97.51 97.44 97.25 97.14 97.37
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.00 3.01 3.00 3.01 3.01 3.01 3.01 3.02 2.99 2.99 3.02 3.01
C Site Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
C Site Sum 3.00 3.01 3.00 3.01 3.01 3.01 3.01 3.02 3.00 3.00 3.02 3.01
B Site Al4+ 0.44 0.03 0.36 0.07 0.00 0.02 0.00 0.01 -0.01 -0.01 0.01 0.00
B Site Ti4+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.53 1.96 1.64 1.93 2.00 1.98 1.99 1.94 2.00 2.01 1.94 1.96
B Site Sum 1.97 1.99 2.00 2.00 2.00 1.99 2.00 1.95 1.99 2.00 1.95 1.97
A site Fe2+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.06 0.06 0.10 0.06 0.06
A Site Mg+ 0.04 0.02 0.02 0.01 0.01 0.01 0.01 0.04 0.01 0.01 0.04 0.03
A site Ca2+ 2.97 2.95 2.95 2.94 2.95 2.95 2.95 2.94 2.95 2.89 2.94 2.94
A site Sum 3.04 2.99 3.00 2.97 2.98 2.98 2.98 3.04 3.02 3.00 3.03 3.02
Total Cation Sum 8.01 7.99 8.00 7.99 7.99 7.99 8.00 8.01 8.01 8.00 8.00 8.00
End Members (%)
% Andradite 77 97 81 95 98 98 98 98 98 97 98 98
% Grossular 22 2 18 3 0 1 0 0 0 0 0 0
% Pyralspite 1 2 2 2 2 2 2 2 2 3 2 2
1FeO calculated based on B site = 2.0
193
Analysis Name 1204 272m sp1 gt 1204 272m sp1 gt 1204 272m sp1 gt 1204 272m sp1 gt 1204 272m sp1 gt 1129 525.4m sp1 1129 525.4m sp1 1129 525.4m sp1 1129 525.4m sp1 1129 525.4m sp1 1139 423.1m sp1 1139 423.1m sp1 ga
SiO2  35.31 35.09 35.30 35.12 35.00 35.37 35.40 35.31 35.34 35.24 35.02 34.94
TiO2  0.14 0.05 0.03 0.01 0.06 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.59 0.12 0.51 0.42 0.47 0.16 0.35 0.51 0.06 0.02 1.29 0.02
Fe2O3 29.40 29.74 29.50 29.69 29.52 30.67 30.33 30.14 30.57 30.74 27.78 29.75
FeO   
MnO   0.67 0.81 0.69 0.71 0.70 0.17 0.21 0.22 0.21 0.23 2.11 1.99
MgO   0.23 0.28 0.26 0.26 0.23 0.06 0.02 0.02 0.05 0.07 0.31 0.21
CaO   32.12 31.91 32.03 31.92 32.08 32.62 32.52 32.65 32.60 32.44 30.99 30.92
Na2O  0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.47 98.01 98.33 98.14 98.06 99.05 98.84 98.86 98.83 98.74 97.49 97.83
Fe2O3 29.40 29.74 29.50 29.69 29.52 30.67 30.33 30.14 30.57 30.74 27.78 29.75
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.47 98.01 98.33 98.14 98.06 99.05 98.84 98.86 98.83 98.74 97.49 97.83
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.02 3.02 3.02 3.02 3.01 3.01 3.02 3.01 3.02 3.01 3.02 3.02
C Site Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C Site Sum 3.02 3.02 3.02 3.02 3.01 3.01 3.02 3.01 3.02 3.01 3.02 3.02
B Site Al4+ 0.06 0.01 0.05 0.04 0.05 0.02 0.04 0.05 0.01 0.00 0.13 0.00
B Site Ti4+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.89 1.93 1.90 1.92 1.91 1.97 1.95 1.93 1.96 1.98 1.80 1.94
B Site Sum 1.96 1.94 1.95 1.96 1.96 1.98 1.98 1.98 1.97 1.98 1.93 1.94
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.05 0.06 0.05 0.05 0.05 0.01 0.02 0.02 0.02 0.02 0.15 0.15
A Site Mg+ 0.03 0.04 0.03 0.03 0.03 0.01 0.00 0.00 0.01 0.01 0.04 0.03
A site Ca2+ 2.94 2.94 2.94 2.94 2.96 2.98 2.97 2.98 2.98 2.97 2.86 2.87
A site Sum 3.02 3.04 3.02 3.02 3.04 3.00 2.99 3.00 3.01 3.00 3.06 3.04
Total Cation Sum 8.00 8.01 8.00 8.00 8.01 7.99 7.99 8.00 8.00 8.00 8.01 8.01
End Members (%)
% Andradite 95 98 95 96 96 98 97 97 99 99 89 96
% Grossular 3 1 3 2 2 1 2 3 0 0 6 0
% Pyralspite 2 2 2 2 1 1 1 1 1 1 4 4
1FeO calculated based on B site = 2.0
194
Analysis Name 1139 423.1m sp1 ga 1139 423.1m sp1 ga 1139 423.1m sp1 ga 1139 423.1m sp2 ga 1139 423.1m sp2 ga 1139 423.1m sp2 1139 423.1m sp2 1139 423.1m sp2 1152 118m sp1 g 1152 118m sp1 g 1152 118m sp1 g 1152 118m sp1 ga
SiO2  34.75 35.02 34.98 34.95 34.83 34.98 35.00 34.82 35.88 35.99 35.94 36.08
TiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.08
Al2O3 0.42 0.65 0.07 0.09 0.12 0.27 0.36 0.17 4.62 4.78 4.77 5.11
Fe2O3 29.17 29.05 29.78 29.84 29.75 29.41 29.29 29.30 23.72 23.49 23.63 23.08
FeO   
MnO   2.20 1.76 2.27 2.32 2.30 2.35 2.22 2.44 0.23 0.23 0.23 0.22
MgO   0.22 0.20 0.16 0.15 0.23 0.24 0.22 0.28 0.25 0.25 0.24 0.28
CaO   30.72 31.09 30.64 30.58 30.49 30.74 30.76 30.59 32.81 32.95 32.94 33.08
Na2O  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.01
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 97.48 97.77 97.91 97.93 97.73 97.99 97.85 97.60 97.56 97.73 97.76 97.95
Fe2O3 29.17 29.05 29.78 29.84 29.75 29.41 29.29 29.30 23.72 23.49 23.63 23.08
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 97.48 97.77 97.91 97.93 97.73 97.99 97.85 97.60 97.56 97.73 97.76 97.95
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.02 3.02 3.03 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02
C Site Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C Site Sum 3.02 3.02 3.03 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02
B Site Al4+ 0.04 0.07 0.01 0.01 0.01 0.03 0.04 0.02 0.46 0.47 0.47 0.50
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
B Site Fe3+ 1.90 1.89 1.94 1.94 1.94 1.91 1.90 1.91 1.50 1.48 1.49 1.45
B Site Sum 1.95 1.95 1.95 1.95 1.95 1.94 1.94 1.93 1.96 1.96 1.97 1.96
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.16 0.13 0.17 0.17 0.17 0.17 0.16 0.18 0.02 0.02 0.02 0.02
A Site Mg+ 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03
A site Ca2+ 2.86 2.87 2.84 2.83 2.83 2.85 2.85 2.84 2.96 2.97 2.96 2.97
A site Sum 3.05 3.03 3.03 3.02 3.03 3.05 3.04 3.06 3.01 3.01 3.01 3.02
Total Cation Sum 8.01 8.00 8.00 8.00 8.00 8.01 8.00 8.01 8.00 8.00 8.00 8.00
End Members (%)
% Andradite 93 93 95 94 94 94 93 94 76 75 75 73
% Grossular 2 3 0 0 1 1 2 1 23 24 24 25
% Pyralspite 5 4 5 5 5 5 5 5 1 1 1 1
1FeO calculated based on B site = 2.0
195
Analysis Name 1152 118m sp1 ga 1152 118m sp2 ga 1152 118m sp2 ga 1152 118m sp2 ga 1150 118.5m sp1 ga 1150 118.5m sp1 1150 118.5m sp1 1150 118.5m sp1 1150 118.5m sp1 1150 118.5m sp2 1150 118.5m sp2 1150 118.5m sp2 ga
SiO2  35.67 34.96 35.00 34.77 34.51 34.46 34.68 34.51 34.83 34.26 35.50 35.13
TiO2  0.07 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Al2O3 3.39 0.02 0.02 0.05 0.03 0.01 0.00 0.55 0.12 0.04 3.04 0.02
Fe2O3 25.21 29.98 30.05 29.65 30.06 30.25 30.18 30.05 29.89 29.25 26.20 30.13
FeO   
MnO   0.22 0.35 0.40 0.40 1.77 1.86 1.83 1.12 1.17 1.63 0.51 1.14
MgO   0.25 0.15 0.17 0.25 0.23 0.20 0.23 0.04 0.20 0.42 0.15 0.27
CaO   32.73 31.80 31.92 31.68 30.73 30.65 30.69 31.23 30.80 30.93 32.33 31.20
Na2O  0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.02
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 97.56 97.27 97.56 96.81 97.35 97.42 97.62 97.51 97.02 96.53 97.75 97.92
Fe2O3 25.21 29.98 30.05 29.65 30.06 30.25 30.18 29.91 29.89 29.25 26.20 30.13
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00
Total 97.56 97.27 97.56 96.81 97.35 97.42 97.62 97.49 97.02 96.53 97.75 97.92
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.02 3.03 3.03 3.03 3.01 3.00 3.01 2.99 3.03 3.01 3.02 3.03
C Site Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
C Site Sum 3.02 3.03 3.03 3.03 3.01 3.00 3.01 3.00 3.03 3.01 3.02 3.03
B Site Al4+ 0.34 0.00 0.00 0.01 0.00 0.00 0.00 0.05 0.01 0.00 0.30 0.00
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.61 1.96 1.96 1.94 1.97 1.98 1.97 1.95 1.96 1.93 1.67 1.96
B Site Sum 1.95 1.96 1.96 1.95 1.97 1.98 1.97 2.00 1.97 1.94 1.98 1.96
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
A site Mn+ 0.02 0.03 0.03 0.03 0.13 0.14 0.13 0.08 0.09 0.12 0.04 0.08
A Site Mg+ 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.01 0.03 0.05 0.02 0.03
A site Ca2+ 2.97 2.95 2.96 2.96 2.87 2.86 2.86 2.90 2.87 2.91 2.94 2.88
A site Sum 3.02 3.00 3.01 3.02 3.03 3.02 3.02 3.00 2.98 3.08 3.00 3.00
Total Cation Sum 8.00 7.99 7.99 8.00 8.01 8.01 8.00 8.00 7.98 8.03 7.99 7.99
End Members (%)
% Andradite 82 98 99 98 96 96 95 94 95 97 83 96
% Grossular 17 0 0 0 0 0 0 2 1 0 15 0
% Pyralspite 1 2 1 1 4 4 5 3 4 3 2 4
1FeO calculated based on B site = 2.0
196
Analysis Name 1150 118.5m sp2 ga 978 422m sp2 gt 978 422m sp2 gt 978 422m sp2 gt 978 422m sp2 gt 978 422m sp2 gt 1193 490m sp1 g 1193 490m sp1 g 1193 490m sp1 g 1193 490m sp2 g 1193 490m sp2 g 1193 490m sp2 gt
SiO2  34.52 35.86 35.84 35.21 35.54 35.81 35.19 35.81 35.34 35.31 35.10 35.24
TiO2  0.01 0.06 0.04 0.04 0.25 0.09 0.00 0.00 -0.01 0.00 0.00 -0.01
Al2O3 0.05 3.84 4.11 2.21 3.44 4.24 0.34 3.98 0.53 0.03 0.15 0.01
Fe2O3 29.10 25.24 24.95 26.31 24.79 24.19 30.48 25.70 30.48 30.76 30.69 30.83
FeO   
MnO   1.27 0.22 0.25 0.35 0.32 0.29 0.25 0.30 0.30 0.30 0.30 0.26
MgO   0.33 0.15 0.18 0.68 0.55 0.36 0.19 0.14 0.08 0.07 0.07 0.07
CaO   31.02 32.99 32.98 32.54 32.86 32.87 32.22 32.95 32.27 32.27 32.29 32.23
Na2O  0.02 0.00 0.00 -0.01 -0.01 0.00 0.00 0.00 0.00 0.02 0.02 0.05
K2O   0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.02
Total 96.32 98.35 98.35 97.34 97.74 97.86 98.67 98.89 99.00 98.74 98.61 98.69
Fe2O3 29.10 25.24 24.95 26.31 24.79 24.19 30.48 25.60 30.39 30.76 30.69 30.83
FeO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.08 0.00 0.00 0.00
Total 96.32 98.35 98.35 97.34 97.74 97.86 98.67 98.88 99.00 98.74 98.61 98.69
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.03 3.01 3.01 3.01 3.01 3.01 3.01 3.00 3.01 3.02 3.01 3.02
C Site Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C Site Sum 3.03 3.01 3.01 3.01 3.01 3.01 3.01 3.00 3.01 3.02 3.01 3.02
B Site Al4+ 0.01 0.38 0.41 0.22 0.34 0.42 0.03 0.39 0.05 0.00 0.01 0.00
B Site Ti4+ 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.92 1.60 1.58 1.69 1.58 1.53 1.96 1.61 1.95 1.98 1.98 1.99
B Site Sum 1.93 1.98 1.98 1.92 1.94 1.96 2.00 2.00 2.00 1.98 1.99 1.99
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
A site Mn+ 0.09 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
A Site Mg+ 0.04 0.02 0.02 0.09 0.07 0.05 0.02 0.02 0.01 0.01 0.01 0.01
A site Ca2+ 2.92 2.97 2.97 2.98 2.98 2.96 2.95 2.95 2.94 2.96 2.96 2.96
A site Sum 3.05 3.00 3.01 3.09 3.07 3.03 2.99 3.00 2.98 2.99 2.99 2.98
Total Cation Sum 8.01 8.00 8.00 8.03 8.02 8.00 8.00 8.00 7.99 7.99 8.00 8.00
End Members (%)
% Andradite 97 80 79 88 82 78 97 79 96 98 98 99
% Grossular 0 19 20 12 18 21 2 19 2 0 1 0
% Pyralspite 3 1 1 1 1 1 2 2 2 1 1 1
1FeO calculated based on B site = 2.0
197
Analysis Name 1193 487m sp1 gt 1193 487m sp1 gt 1193 487m sp1 gt 1193 487m sp1 gt 1193 487m sp1 gt 1204 272m sp1 g 1204 272m sp1 g 1204 272m sp1 g 1204 272m sp1 g 1204 272m sp1 g 1100 349m sp1 g 1100 349m sp1 gt 
SiO2  34.69 34.55 34.39 34.93 34.77 35.27 35.20 35.36 35.27 35.25 36.26 35.79
TiO2  0.00 0.00 0.00 0.00 0.00 0.15 0.08 0.05 0.02 0.10 0.15 0.00
Al2O3 0.10 0.05 0.00 0.07 0.02 0.61 0.08 0.59 0.42 0.46 2.85 1.93
Fe2O3 30.16 30.97 31.13 30.21 30.69 29.84 30.50 29.75 30.17 29.96 28.47 28.96
FeO   
MnO   0.83 0.72 1.36 0.85 0.78 0.65 0.78 0.70 0.71 0.70 0.18 0.11
MgO   0.28 0.13 0.05 0.28 0.22 0.24 0.28 0.25 0.28 0.25 0.04 0.12
CaO   31.78 31.88 31.10 31.67 31.73 32.29 32.10 32.21 32.16 32.12 33.27 34.08
Na2O  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02
K2O   0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Total 97.85 98.31 98.03 98.01 98.21 99.05 99.04 98.91 99.03 98.84 101.25 101.02
Fe2O3 30.16 30.97 30.97 30.21 30.69 29.84 30.50 29.75 30.17 29.96 27.94 28.96
FeO   0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.48 0.00
Total 97.85 98.31 98.02 98.01 98.21 99.05 99.04 98.91 99.03 98.84 101.19 101.02
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 3.00 2.98 2.98 3.01 3.00 3.00 3.00 3.01 3.01 3.01 2.98 2.97
C Site Al4+ 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03
C Site Sum 3.00 3.00 3.00 3.01 3.00 3.00 3.00 3.01 3.01 3.01 3.00 3.00
B Site Al4+ 0.01 0.00 0.00 0.01 0.00 0.06 0.01 0.06 0.04 0.05 0.26 0.16
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00
B Site Fe3+ 1.96 2.01 2.02 1.96 1.99 1.91 1.96 1.91 1.93 1.92 1.73 1.81
B Site Sum 1.97 2.00 2.00 1.97 1.99 1.98 1.97 1.97 1.98 1.98 2.00 1.97
A site Fe2+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
A site Mn+ 0.06 0.05 0.10 0.06 0.06 0.05 0.06 0.05 0.05 0.05 0.01 0.01
A Site Mg+ 0.04 0.02 0.01 0.04 0.03 0.03 0.04 0.03 0.04 0.03 0.01 0.02
A site Ca2+ 2.94 2.95 2.89 2.93 2.93 2.94 2.94 2.94 2.94 2.94 2.93 3.03
A site Sum 3.04 3.02 3.00 3.02 3.02 3.02 3.03 3.02 3.02 3.02 2.98 3.06
Total Cation Sum 8.01 8.01 8.00 8.00 8.01 8.00 8.01 8.00 8.01 8.00 7.99 8.03
End Members (%)
% Andradite 98 99 97 97 98 95 97 95 96 96 85 92
% Grossular 0 0 0 0 0 3 0 3 2 2 13 8
% Pyralspite 2 1 3 3 2 2 2 2 2 2 2 0
1FeO calculated based on B site = 2.0
198
Analysis Name 1100 349m sp1 gt 1100 349m sp1 gt 1100 349m sp1 gt 1100 349m sp2 gt 1100 349m sp2 gt 1100 349m sp2 g 1100 349m sp2 g 1100 349m sp2 gt 
SiO2  35.64 36.28 36.01 35.75 35.66 34.91 36.31 36.23
TiO2  0.06 0.08 0.08 0.00 0.00 0.00 0.08 0.09
Al2O3 2.08 4.14 3.23 0.12 0.09 0.01 3.39 3.45
Fe2O3 28.18 26.64 27.87 31.04 31.51 31.26 26.37 26.65
FeO   
MnO   0.12 0.19 0.17 0.33 0.31 0.35 0.07 0.08
MgO   0.15 0.05 0.05 0.04 0.01 0.03 0.21 0.24
CaO   33.42 33.65 33.45 33.60 33.93 33.70 34.76 34.84
Na2O  0.01 0.00 0.00 0.02 0.01 0.00 0.02 0.01
K2O   0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00
Total 99.65 101.03 100.86 100.90 101.53 100.27 101.23 101.59
Fe2O3 28.18 26.26 27.50 31.04 31.51 31.26 26.37 26.65
FeO   0.00 0.34 0.34 0.00 0.00 0.00 0.00 0.00
Total 99.65 101.00 100.82 100.90 101.53 100.27 101.23 101.59
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.99 2.97 2.97 3.00 2.98 2.96 2.98 2.97
C Site Al4+ 0.01 0.03 0.03 0.00 0.02 0.04 0.02 0.03
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.20 0.37 0.29 0.01 0.00 0.00 0.31 0.30
B Site Ti4+ 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01
B Site Fe3+ 1.78 1.62 1.71 1.96 1.98 1.99 1.63 1.64
B Site Sum 1.98 2.00 2.00 1.97 1.97 1.95 1.94 1.95
A site Fe2+ 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.02 0.02 0.03 0.01 0.01
A Site Mg+ 0.02 0.01 0.01 0.00 0.00 0.00 0.03 0.03
A site Ca2+ 3.01 2.96 2.96 3.02 3.04 3.06 3.06 3.06
A site Sum 3.03 3.00 3.00 3.05 3.06 3.09 3.09 3.09
Total Cation Sum 8.01 8.00 8.00 8.02 8.03 8.04 8.04 8.04
End Members (%)
% Andradite 90 80 84 100 100 100 84 85
% Grossular 10 19 14 0 0 0 16 15
% Pyralspite 0 1 1 0 0 0 0 0
1FeO calculated based on B site = 2.0
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Appendix 3.3: Clinopyroxene Compositions by Microprobe
Analysis name 1099340msp1px 1099340msp1px 1099340msp1px 1099340msp1px 1099340msp1px 1099340msp1px 1099340msp1px 1099340msp1px 1099340msp1px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.77 47.37 47.80 47.92 47.91 47.95 47.66 47.93 47.82
TiO2 0.01 0.03 0.02 0.01 0.00 0.00 0.03 0.02 0.00
Al2O3 0.19 0.39 0.11 0.03 0.04 0.07 0.09 0.04 0.06
FeO 27.71 28.08 27.13 27.30 27.00 26.93 27.07 26.42 26.52
MnO   0.19 0.25 0.33 0.35 0.36 0.38 0.42 0.53 0.55
MgO   0.06 0.16 0.07 0.08 0.05 0.06 0.06 0.08 0.08
CaO   22.87 21.98 23.19 23.32 23.42 23.25 23.11 23.22 23.51
Na2O  0.10 0.10 0.00 0.00 0.00 0.01 0.00 0.00 0.01
K2O   0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Total 98.90 98.36 98.66 99.01 98.78 98.66 98.44 98.25 98.56
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.99 2.00 1.99 2.00 2.00 1.99 2.00 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.97 0.98 0.95 0.95 0.94 0.94 0.95 0.92 0.93
Cations Mn2+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02
Cations Mg2+ 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Cations Ca2+ 1.02 0.99 1.04 1.04 1.05 1.04 1.04 1.04 1.05
Cations Na2+ 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.01 4.00 4.00 4.00 4.00 4.00 3.99 4.00
End Members (%)
% Hedenbergite 99 98 98 98 98 98 98 97 97
% Diopside 0 1 0 1 0 0 0 1 1
% Johannsenite 1 1 1 1 1 1 2 2 2
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Analysis name 1099340msp2px 1099340msp2px 1099340msp2px 1099340msp2px 1099340msp2px 1099340msp2px 1099340msp2px 1099340msp2px 1099340msp2px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.79 48.05 47.82 47.50 47.87 47.88 47.76 47.86 47.75
TiO2 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.08 0.07 0.07 0.14 0.29 0.17 0.11 0.15 0.03
FeO 27.55 27.20 25.62 26.20 26.44 26.50 26.83 24.97 24.02
MnO   0.34 0.36 0.50 0.52 0.54 0.54 0.56 0.57 1.14
MgO   0.11 0.12 0.08 0.17 0.08 0.12 0.08 0.11 0.03
CaO   23.40 23.45 23.54 23.13 23.21 23.49 23.37 23.29 23.29
Na2O  0.05 0.06 0.00 0.06 0.04 0.00 0.04 0.00 0.00
K2O   0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00
Total 99.32 99.33 97.63 97.72 98.46 98.71 98.75 96.96 96.26
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.99 2.01 2.00 2.00 1.99 1.99 2.02 2.02
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.96 0.94 0.90 0.92 0.92 0.92 0.94 0.88 0.85
Cations Mn2+ 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.04
Cations Mg2+ 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00
Cations Ca2+ 1.04 1.04 1.06 1.04 1.04 1.05 1.04 1.05 1.06
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.01 3.99 4.00 4.00 4.00 4.01 3.98 3.98
End Members (%)
% Hedenbergite 98 98 98 97 97 97 97 97 95
% Diopside 1 1 1 1 0 1 1 1 0
% Johannsenite 1 1 2 2 2 2 2 2 5
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Analysis name 1129 525.4m sp1 px 1129 525.4m sp1 px 1129 525.4m sp1 px 1129 525.4m sp1 px 1129 525.4m sp1 px 1129 525.4m sp1 px 1129 525.4m sp1 px 1129 525.4m sp1 px 1129 525.4m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.66 49.60 48.70 48.46 48.38 49.40 49.25 48.78 49.23
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.05 0.03 0.04 0.04 0.01 0.01 0.00 0.07 0.01
FeO 23.42 18.99 22.93 23.53 23.39 19.64 19.87 19.58 21.79
MnO   3.36 3.38 3.19 3.33 3.69 3.37 3.44 3.39 2.98
MgO   1.11 4.29 1.46 1.10 0.85 3.55 3.44 4.03 2.46
CaO   22.48 22.31 22.47 22.33 22.43 22.81 22.68 21.63 22.65
Na2O  0.06 0.02 0.06 0.05 0.03 0.02 0.01 0.02 0.02
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Total 99.13 98.62 98.86 98.84 98.80 98.81 98.69 97.50 99.13
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.01 2.01 2.00 2.00 2.00 2.00 2.00 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.81 0.64 0.79 0.81 0.81 0.67 0.68 0.67 0.74
Cations Mn2+ 0.12 0.12 0.11 0.12 0.13 0.12 0.12 0.12 0.10
Cations Mg2+ 0.07 0.26 0.09 0.07 0.05 0.21 0.21 0.25 0.15
Cations Ca2+ 0.99 0.97 0.99 0.99 1.00 0.99 0.99 0.95 0.99
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 3.99 4.00 4.00 4.00 4.00 4.00 4.00 3.99
End Members (%)
% Hedenbergite 81 63 80 82 82 67 67 65 75
% Diopside 7 25 9 7 5 22 21 24 15
% Johannsenite 12 11 11 12 13 12 12 11 10
202
Analysis name 1129 525.4m sp1 px 1129 525.4m sp1 px gtINC1129 525.4m sp1 px gtINC1129 525.4m sp1 px gtINC1129 525.4m sp1 px gtINC1129 525.4m sp1 px gtINC 1137-330msp1px 1137-330msp1px 1137-330msp1px 
Skarn Type cpx-po ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt cpx-po cpx-po cpx-po
SiO2 49.42 51.04 51.45 50.18 50.71 50.03 49.63 49.65 49.17
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.25 0.05
FeO 19.85 16.09 12.43 18.77 15.87 19.21 21.59 20.69 21.62
MnO   3.40 1.75 2.82 1.91 2.50 2.05 0.33 0.39 0.44
MgO   3.49 7.04 8.77 5.18 6.73 4.83 3.87 4.44 3.75
CaO   22.90 23.48 23.81 23.13 23.56 23.10 23.57 24.31 24.12
Na2O  0.02 0.03 0.01 0.04 0.02 0.04 0.06 0.10 0.03
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Total 99.07 99.44 99.30 99.21 99.40 99.25 99.22 99.88 99.18
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.01 2.00 2.00 2.00 2.00 2.00 1.98 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.67 0.53 0.40 0.63 0.52 0.64 0.73 0.69 0.73
Cations Mn2+ 0.12 0.06 0.09 0.06 0.08 0.07 0.01 0.01 0.02
Cations Mg2+ 0.21 0.41 0.51 0.31 0.40 0.29 0.23 0.26 0.23
Cations Ca2+ 0.99 0.99 0.99 0.99 1.00 0.99 1.02 1.04 1.05
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.01 4.01
End Members (%)
% Hedenbergite 67 53 40 63 52 64 75 71 75
% Diopside 21 41 51 31 39 29 24 27 23
% Johannsenite 12 6 9 6 8 7 1 1 2
203
Analysis name 1137-330msp1px 1137-330msp1px 1137-330msp2px 1137-330msp2px 1137-330msp2px 1137-330msp2px 1137-330msp2px 1137-330msp2px 1137-330msp2px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 49.20 49.70 47.91 49.13 48.82 48.85 48.74 48.92 49.83
TiO2 0.01 0.00 0.00 0.05 0.02 0.01 0.00 0.00 0.00
Al2O3 0.09 0.12 0.12 0.72 0.44 0.19 0.20 0.21 0.81
FeO 19.52 20.23 27.50 22.57 22.62 24.84 25.39 24.37 19.61
MnO   0.44 0.50 0.10 0.22 0.23 0.25 0.27 0.27 0.27
MgO   4.23 4.48 0.67 3.78 3.51 1.73 1.80 2.27 4.62
CaO   23.89 23.85 23.54 23.71 23.78 23.90 23.50 23.68 23.99
Na2O  0.05 0.08 0.10 0.17 0.17 0.09 0.10 0.09 0.19
K2O   0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.01
Total 97.42 98.95 99.94 100.37 99.59 99.87 100.00 99.82 99.33
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.00 1.98 1.97 1.97 1.99 1.99 1.99 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.01 0.01 0.03 0.02 0.01 0.01 0.01 0.04
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.67 0.68 0.95 0.76 0.76 0.85 0.87 0.83 0.65
Cations Mn2+ 0.02 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Cations Mg2+ 0.26 0.27 0.04 0.23 0.21 0.11 0.11 0.14 0.27
Cations Ca2+ 1.04 1.03 1.04 1.02 1.03 1.04 1.03 1.03 1.02
Cations Na2+ 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 4.00 4.02 4.02 4.02 4.01 4.01 4.01 4.00
End Members (%)
% Hedenbergite 71 70 96 76 78 88 88 85 70
% Diopside 27 28 4 23 21 11 11 14 29
% Johannsenite 2 2 0 1 1 1 1 1 1
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Analysis name 1137-330msp2px 1137-330msp2px 1137-330msp2px 1139 423.0m sp1 px 1139 423.0m sp1 px 1139 423.0m sp1 px 1139 423.0m sp1 px 1139 423.0m sp1 px 1139 423.0m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.71 49.17 49.12 49.08 49.06 49.15 48.30 48.38 48.57
TiO2 0.04 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.00
Al2O3 0.17 0.72 0.45 0.10 0.06 0.21 0.00 0.14 0.16
FeO 24.86 21.31 22.56 14.96 15.65 14.01 16.80 19.07 18.19
MnO   0.29 0.31 0.33 10.16 9.69 10.49 12.05 9.28 9.40
MgO   1.81 4.16 3.52 2.68 2.39 3.13 0.15 0.19 0.91
CaO   23.89 23.76 24.03 21.75 22.24 22.18 21.77 21.95 21.81
Na2O  0.07 0.25 0.15 0.17 0.08 0.15 0.05 0.02 0.04
K2O   0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
Total 99.84 99.70 100.18 98.91 99.18 99.34 99.13 99.04 99.09
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.97 1.97 2.00 2.00 1.99 2.01 2.01 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.03 0.02 0.00 0.00 0.01 0.00 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.85 0.71 0.76 0.51 0.53 0.48 0.58 0.66 0.63
Cations Mn2+ 0.01 0.01 0.01 0.35 0.34 0.36 0.42 0.33 0.33
Cations Mg2+ 0.11 0.25 0.21 0.16 0.15 0.19 0.01 0.01 0.06
Cations Ca2+ 1.04 1.02 1.03 0.95 0.97 0.96 0.97 0.98 0.96
Cations Na2+ 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.02 4.02 4.00 4.00 4.01 4.00 3.99 3.99
End Members (%)
% Hedenbergite 88 73 77 50 53 46 57 66 62
% Diopside 11 26 22 16 14 18 1 1 6
% Johannsenite 1 1 1 34 33 35 42 33 32
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Analysis name 1139 423.0m sp1 px 1139 423.0m sp1 px 1139 423.0m sp1 px 1139 423.0m sp1 px 1139 423.0m sp3 px 1139 423.0m sp3 px 1139 423.0m sp3 px 1139 423.0m sp3 px 1139 423.0m sp3 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.16 48.27 48.29 48.41 49.52 48.63 48.65 49.86 49.83
TiO2 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.40 0.12 0.45 0.06 0.04 0.09 0.01 0.05 0.03
FeO 19.82 19.33 18.38 18.81 14.06 18.90 17.59 11.30 10.90
MnO   8.30 8.89 9.31 9.46 10.66 9.47 10.66 11.63 11.35
MgO   0.17 0.78 0.83 0.77 2.79 0.51 0.34 3.89 4.30
CaO   21.80 21.38 21.92 21.68 22.34 21.84 21.96 22.61 22.73
Na2O  0.07 0.03 0.03 0.02 0.05 0.02 0.01 0.07 0.06
K2O   0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.73 98.82 99.21 99.22 99.46 99.46 99.22 99.40 99.21
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.00 1.99 2.00 2.01 2.01 2.01 2.01 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.02 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.69 0.67 0.63 0.65 0.48 0.65 0.61 0.38 0.37
Cations Mn2+ 0.29 0.31 0.33 0.33 0.37 0.33 0.37 0.40 0.39
Cations Mg2+ 0.01 0.05 0.05 0.05 0.17 0.03 0.02 0.23 0.26
Cations Ca2+ 0.97 0.95 0.97 0.96 0.97 0.97 0.97 0.97 0.98
Cations Na2+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.99 4.00 4.00 3.99 3.99 3.99 4.00 4.00
End Members (%)
% Hedenbergite 69 65 63 63 47 64 61 38 36
% Diopside 1 5 5 5 17 3 2 23 26
% Johannsenite 29 30 32 32 36 33 37 39 38
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Analysis name 1139 423.0m sp3 px 1139 423.1m sp1 px 1139 423.1m sp1 px 1139 423.1m sp1 px 1139 423.1m sp1 px 1139 423.1m sp1 px 1139 423.1m sp1 px 1139 423.1m sp1 px 1139 423.1m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  49.92 48.07 47.91 48.21 48.11 48.20 48.60 48.08 47.52
TiO2  0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.20 0.25 0.10 0.14 0.13 0.01 0.22 0.21
FeO 11.72 19.38 20.21 19.89 20.60 20.07 18.62 20.02 20.17
MnO   11.08 8.88 8.14 8.82 7.97 8.58 9.59 8.28 8.32
MgO   3.99 0.02 0.02 0.01 0.02 0.02 0.25 0.02 0.05
CaO   22.70 21.80 21.84 21.75 21.80 21.72 22.04 21.91 21.45
Na2O  0.03 0.04 0.05 0.02 0.03 0.02 0.02 0.04 0.06
K2O   0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00
Total 99.44 98.40 98.42 98.79 98.68 98.74 99.13 98.57 97.79
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.01 2.00 2.01 2.01 2.01 2.01 2.01 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.39 0.68 0.71 0.69 0.72 0.70 0.64 0.70 0.71
Cations Mn2+ 0.38 0.31 0.29 0.31 0.28 0.30 0.34 0.29 0.30
Cations Mg2+ 0.24 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Cations Ca2+ 0.98 0.98 0.98 0.97 0.97 0.97 0.98 0.98 0.97
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 3.99 3.99 3.99 3.99 3.99 3.99 3.99 4.00
End Members (%)
% Hedenbergite 39 68 71 69 72 70 65 70 70
% Diopside 24 0 0 0 0 0 2 0 0
% Johannsenite 37 32 29 31 28 30 34 29 29
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Analysis name 1139 423.1m sp1 px 1139 423.1m sp1 px INC 1139 423.1m sp2 px 1139 423.1m sp2 px 1139 423.1m sp2 px 1139 423.1m sp2 px 1139 423.1m sp2 px 1139 423.1m sp2 px 1139 423.1m sp2 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.04 43.86 48.42 48.55 48.34 48.74 48.34 48.16 48.28
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.14 0.12 0.04 0.06 0.10 0.03 0.40 0.52 0.54
FeO 20.48 22.97 16.79 17.62 16.79 17.80 16.72 17.86 18.55
MnO   8.15 15.69 10.06 10.23 10.00 9.47 9.81 9.00 8.82
MgO   0.02 1.34 1.09 0.89 1.16 0.94 1.37 1.02 0.62
CaO   21.78 0.67 22.28 21.69 22.14 22.19 21.95 21.93 21.88
Na2O  0.03 0.01 0.03 0.07 0.06 0.03 0.03 0.06 0.07
K2O   0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Total 98.64 84.68 98.71 99.10 98.59 99.22 98.63 98.55 98.76
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.14 2.00 2.01 2.00 2.01 2.00 1.99 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.03 0.03
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.71 0.94 0.58 0.61 0.58 0.61 0.58 0.62 0.64
Cations Mn2+ 0.29 0.65 0.35 0.36 0.35 0.33 0.34 0.32 0.31
Cations Mg2+ 0.00 0.10 0.07 0.05 0.07 0.06 0.08 0.06 0.04
Cations Ca2+ 0.97 0.03 0.99 0.96 0.98 0.98 0.97 0.97 0.97
Cations Na2+ 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.86 4.00 4.00 4.00 3.99 4.00 4.00 3.99
End Members (%)
% Hedenbergite 71 56 58 60 58 61 57 62 65
% Diopside 0 6 7 5 7 6 8 6 4
% Johannsenite 29 39 35 35 35 33 34 32 31
208
Analysis name 1139 423.1m sp2 px 1144 96mA sp1px 1144 96mA sp1px 1144 96mA sp1px 1144 96mA sp1px 1144 96mA sp1px 1144 96mA sp1px 1144 96mA sp1px 1144 96mA sp1pxincl 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.37 50.39 50.61 50.88 49.66 50.81 50.79 51.19 50.54
TiO2 0.00 0.02 0.02 0.04 0.01 0.00 0.00 0.00 0.00
Al2O3 0.02 0.00 0.02 0.00 0.03 0.00 0.02 0.00 0.00
FeO 17.05 12.63 13.39 13.79 16.64 13.66 12.80 11.91 13.04
MnO   10.52 7.86 7.71 7.42 7.21 7.40 7.18 6.74 7.66
MgO   0.71 4.76 5.19 5.37 3.53 5.61 6.03 6.80 5.45
CaO   22.19 24.56 24.32 24.07 23.39 23.59 24.20 24.58 24.41
Na2O  0.03 0.00 0.00 0.02 0.01 0.00 0.02 0.03 0.00
K2O   0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Total 98.88 100.22 101.25 101.60 100.47 101.07 101.04 101.25 101.10
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.00 1.99 1.99 1.99 1.99 1.99 1.99 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.59 0.42 0.44 0.45 0.56 0.45 0.42 0.39 0.43
Cations Mn2+ 0.37 0.26 0.26 0.25 0.24 0.25 0.24 0.22 0.25
Cations Mg2+ 0.04 0.28 0.30 0.31 0.21 0.33 0.35 0.39 0.32
Cations Ca2+ 0.99 1.04 1.02 1.01 1.00 0.99 1.01 1.02 1.03
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.00 4.01 4.01 4.01 4.01 4.01 4.01 4.01
End Members (%)
% Hedenbergite 59 43 44 45 55 44 42 39 43
% Diopside 4 29 30 31 21 32 35 39 32
% Johannsenite 37 27 26 24 24 24 24 22 25
209
Analysis name 1144 96mA sp1pxincl 1144 96mA sp1pxincl 1144 96mA sp1pxincl 1144 96mA sp1pxincl 1144 96mA sp1pxincl 1144 96mA sp1pxincl 1144 96mA sp1pxincl 1150 118.5m sp1 px 1150 118.5m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 51.16 51.22 51.18 47.79 51.84 50.10 52.65 48.28 48.14
TiO2 0.00 0.01 0.05 0.00 0.00 0.00 0.01 0.00 0.00
Al2O3 0.01 0.00 0.00 0.02 0.00 0.03 0.00 0.08 0.22
FeO 12.32 12.55 11.60 20.79 10.78 14.29 8.76 23.77 24.41
MnO   7.16 6.70 6.57 6.53 5.68 4.88 3.93 4.08 4.06
MgO   6.07 6.14 6.83 3.91 8.29 7.94 10.67 0.98 0.90
CaO   24.27 24.39 24.52 18.54 24.88 21.57 25.27 20.75 19.66
Na2O  0.00 0.00 0.00 0.12 0.00 0.01 0.00 0.31 0.48
K2O   0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01
Total 101.00 101.01 100.75 97.70 101.47 98.82 101.30 98.27 97.88
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.00 1.99 1.99 1.99 1.99 1.99 2.01 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.40 0.41 0.38 0.72 0.35 0.47 0.28 0.83 0.85
Cations Mn2+ 0.24 0.22 0.22 0.23 0.18 0.16 0.13 0.14 0.14
Cations Mg2+ 0.35 0.36 0.40 0.24 0.47 0.47 0.60 0.06 0.06
Cations Ca2+ 1.01 1.02 1.02 0.83 1.02 0.92 1.02 0.93 0.88
Cations Na2+ 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.03 0.04
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.00 4.01 4.02 4.01 4.01 4.01 4.00 4.00
End Members (%)
% Hedenbergite 41 41 38 60 34 43 28 80 81
% Diopside 36 36 40 20 47 42 60 6 5
% Johannsenite 24 22 22 19 18 15 13 14 14
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Analysis name 1150 118.5m sp1 px 1150 118.5m sp1 px 1150 118.5m sp1 px 1150 118.5m sp1 px 1150 118.5m sp1 px 1150 118.5m sp1 px 1150 118.5m sp1 px 1150 118.5m sp1 px 1155-276msp1px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po ga-sph-mt
SiO2 48.80 48.47 47.20 48.41 48.38 48.12 47.46 48.28 54.33
TiO2 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Al2O3 0.14 0.11 0.47 0.14 0.40 0.01 0.00 0.16 0.23
FeO 21.77 21.63 23.17 21.49 22.02 23.76 24.62 22.38 2.17
MnO   4.47 4.72 5.17 5.55 3.71 4.80 4.76 4.61 0.01
MgO   1.80 1.78 1.47 1.37 1.77 0.23 0.03 1.40 17.07
CaO   21.19 21.51 18.75 20.95 21.78 21.13 21.49 20.93 26.98
Na2O  0.37 0.13 0.19 0.34 0.15 0.26 0.08 0.40 0.03
K2O   0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.01 0.01
Total 98.54 98.35 96.44 98.25 98.21 98.32 98.44 98.17 100.82
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.01 2.00 2.01 2.00 2.01 2.00 2.01 1.97
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.02 0.01 0.02 0.00 0.00 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.75 0.75 0.82 0.75 0.76 0.83 0.87 0.78 0.07
Cations Mn2+ 0.16 0.17 0.19 0.20 0.13 0.17 0.17 0.16 0.00
Cations Mg2+ 0.11 0.11 0.09 0.08 0.11 0.01 0.00 0.09 0.92
Cations Ca2+ 0.94 0.95 0.85 0.93 0.96 0.95 0.97 0.93 1.05
Cations Na2+ 0.03 0.01 0.02 0.03 0.01 0.02 0.01 0.03 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.00 3.99 4.00 4.00 4.00 4.01 4.01 4.02
End Members (%)
% Hedenbergite 74 73 75 73 76 82 83 76 7
% Diopside 11 11 8 8 11 1 0 8 93
% Johannsenite 15 16 17 19 13 17 16 16 0
211
Analysis name 1155-276msp1px 1155-276msp1px 1155-276msp1px 1155-276msp1px 1155-276msp1px 1155-276msp1px 1155-276msp1px 1155-276msp1px 1155-276msp1px 
Skarn Type ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt
SiO2  53.71 54.16 54.75 55.38 54.83 54.52 54.83 54.90 54.46
TiO2  0.09 0.03 0.02 0.00 0.01 0.02 0.00 0.02 0.01
Al2O3 1.38 0.48 0.13 0.09 0.11 0.46 0.09 0.18 0.14
FeO 1.54 1.64 1.99 1.74 2.25 1.77 2.24 1.16 2.66
MnO   0.01 0.01 0.05 0.06 0.09 0.09 0.09 0.10 0.12
MgO   17.07 17.41 17.29 17.77 17.18 17.23 17.35 17.75 17.08
CaO   26.94 26.88 26.76 26.83 26.95 26.70 26.98 26.49 26.64
Na2O  0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.00
K2O   0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00
Total 100.76 100.61 100.99 101.89 101.42 100.82 101.59 100.61 101.12
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.95 1.97 1.98 1.98 1.98 1.97 1.98 1.98 1.97
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.06 0.02 0.01 0.00 0.00 0.02 0.00 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.05 0.05 0.06 0.05 0.07 0.05 0.07 0.04 0.08
Cations Mn2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Mg2+ 0.92 0.94 0.93 0.95 0.92 0.93 0.93 0.96 0.92
Cations Ca2+ 1.05 1.05 1.04 1.03 1.04 1.04 1.04 1.03 1.03
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.02 4.02 4.02 4.02 4.02 4.02 4.01 4.02
End Members (%)
% Hedenbergite 5 5 6 5 7 5 7 4 8
% Diopside 95 95 94 95 93 94 93 96 92
% Johannsenite 0 0 0 0 0 0 0 0 0
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Analysis name 1155-276msp2px 1155-276msp2px 1155-276msp2px 1155-276msp2px 1155-276msp2px 1155-276msp2px 1166 149.2m sp1 px 1166 149.2m sp1 px 1166 149.2m sp1 px
Skarn Type ga-sph-mt cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 55.02 49.34 49.40 49.48 49.45 48.88 47.90 47.28 47.56
TiO2 0.04 0.00 0.01 0.00 0.02 0.01 0.00 0.00 0.01
Al2O3 0.18 0.28 0.29 0.30 0.19 0.28 0.00 0.00 0.00
FeO 1.27 21.72 21.43 20.99 20.94 21.08 24.36 26.40 24.92
MnO   0.06 0.35 0.43 0.50 0.55 0.66 4.19 2.40 3.17
MgO   17.80 4.09 3.95 3.92 3.84 3.42 0.01 0.04 0.03
CaO   26.97 23.70 24.07 23.92 23.89 23.51 21.62 21.34 21.67
Na2O  0.00 0.00 0.04 0.03 0.04 0.06 0.09 0.06 0.11
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 101.34 99.48 99.63 99.14 98.92 97.90 98.17 97.53 97.48
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.99 1.98 1.99 2.00 2.00 2.01 2.00 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.04 0.73 0.72 0.71 0.71 0.72 0.85 0.94 0.88
Cations Mn2+ 0.00 0.01 0.01 0.02 0.02 0.02 0.15 0.09 0.11
Cations Mg2+ 0.95 0.25 0.24 0.24 0.23 0.21 0.00 0.00 0.00
Cations Ca2+ 1.04 1.02 1.04 1.03 1.03 1.03 0.97 0.97 0.98
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.01 4.01 4.00 4.00 4.00 3.99 4.00 3.99
End Members (%)
% Hedenbergite 4 74 74 74 74 76 85 91 88
% Diopside 96 25 24 25 24 22 0 0 0
% Johannsenite 0 1 2 2 2 2 15 8 11
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Analysis name 1166 149.2m sp1 px 1166 149.2m sp1 px 1166 149.2m sp1 px 1166 149.2m sp1 px 1166 149.2m sp2 px 1166 149.2m sp2 px 1166 149.2m sp2 px 1166 149.2m sp2 px 1166 149.2m sp3 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.71 47.50 46.72 48.03 47.81 47.80 47.90 47.25 47.89
TiO2 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.03 0.01 0.04 0.02 0.05 0.03 0.11 0.06 0.15
FeO 21.67 26.38 26.51 26.36 24.05 24.16 21.67 20.41 24.89
MnO   6.46 2.25 2.80 2.09 4.39 4.32 7.20 8.76 3.77
MgO   0.09 0.03 0.14 0.03 0.15 0.25 0.34 0.09 0.22
CaO   21.90 21.69 20.44 21.78 21.75 21.63 21.06 20.38 21.68
Na2O  0.03 0.04 0.06 0.04 0.02 0.02 0.02 0.07 0.03
K2O   0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00
Total 97.88 97.91 96.72 98.35 98.23 98.21 98.30 97.04 98.64
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.00 2.00 2.01 2.00 2.00 2.01 2.01 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.76 0.93 0.95 0.92 0.84 0.85 0.76 0.73 0.87
Cations Mn2+ 0.23 0.08 0.10 0.07 0.16 0.15 0.26 0.32 0.13
Cations Mg2+ 0.01 0.00 0.01 0.00 0.01 0.02 0.02 0.01 0.01
Cations Ca2+ 0.99 0.98 0.94 0.98 0.98 0.97 0.94 0.93 0.97
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 4.00 4.00 3.99 4.00 4.00 3.99 3.99 4.00
End Members (%)
% Hedenbergite 76 92 90 92 84 83 73 69 86
% Diopside 1 0 1 0 1 2 2 1 1
% Johannsenite 23 8 10 7 15 15 25 30 13
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Analysis name 1166 149.2m sp3 px 1166 149.2m sp3 px 1166 149.2m sp3 px 1166 149.2m sp3 px 1166 149.2m sp3 px 1167 139.5m sp1 px 1167 139.5m sp1 px 1167 139.5m sp1 px 1167 139.5m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.03 47.91 47.92 47.76 47.91 48.97 48.91 48.64 48.11
TiO2 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02
Al2O3 0.08 0.13 0.12 0.15 0.10 0.16 0.06 0.18 0.61
FeO 24.01 24.29 24.42 24.50 24.57 21.69 17.90 22.85 25.30
MnO   4.70 3.92 3.86 3.78 4.09 2.40 6.73 2.59 1.67
MgO   0.13 0.25 0.22 0.18 0.15 2.69 2.53 1.77 0.53
CaO   21.39 21.60 21.68 21.71 21.66 22.53 22.23 22.37 21.89
Na2O  0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.07 0.14
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Total 98.36 98.13 98.24 98.11 98.51 98.46 98.37 98.48 98.27
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.01 2.01 2.00 2.00 2.00 2.01 2.00 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.03
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.84 0.85 0.85 0.86 0.86 0.74 0.61 0.79 0.88
Cations Mn2+ 0.17 0.14 0.14 0.13 0.14 0.08 0.23 0.09 0.06
Cations Mg2+ 0.01 0.02 0.01 0.01 0.01 0.16 0.15 0.11 0.03
Cations Ca2+ 0.96 0.97 0.97 0.98 0.97 0.99 0.98 0.99 0.98
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.99 3.99 3.99 3.99 3.99 3.99 3.99 3.99
End Members (%)
% Hedenbergite 83 85 85 86 85 75 61 80 91
% Diopside 1 2 1 1 1 17 15 11 3
% Johannsenite 16 14 14 13 14 8 23 9 6
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Analysis name 1167 139.5m sp1 px 1167 139.5m sp1 px 1167 139.5m sp1 px 1167 139.5m sp1 px 1167 139.5m sp1 px 1167 139.5m sp2 px 1167 139.5m sp2 px 1167 139.5m sp2 px 1167 139.5m sp2 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 49.07 48.25 47.36 48.73 49.20 48.34 48.09 47.96 48.15
TiO2 0.00 0.02 0.01 0.00 0.01 0.00 0.02 0.00 0.00
Al2O3 0.11 0.18 0.11 0.05 0.07 0.11 0.33 0.09 0.16
FeO 18.09 25.24 23.44 22.16 17.46 26.25 25.67 26.03 23.86
MnO   6.45 1.58 2.53 3.39 6.62 1.75 1.92 2.00 3.27
MgO   2.59 0.87 1.41 1.62 2.80 0.62 0.44 0.56 0.81
CaO   22.25 21.86 20.93 22.42 22.35 20.87 21.83 21.10 21.76
Na2O  0.03 0.08 0.07 0.02 0.02 0.08 0.09 0.05 0.06
K2O   0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01
Total 98.59 98.08 95.85 98.39 98.54 98.02 98.40 97.80 98.08
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.01 2.01 2.01 2.01 2.02 2.00 2.01 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.62 0.88 0.83 0.76 0.60 0.92 0.89 0.91 0.83
Cations Mn2+ 0.22 0.06 0.09 0.12 0.23 0.06 0.07 0.07 0.12
Cations Mg2+ 0.16 0.05 0.09 0.10 0.17 0.04 0.03 0.04 0.05
Cations Ca2+ 0.98 0.98 0.95 0.99 0.98 0.93 0.97 0.95 0.97
Cations Na2+ 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.99 3.99 3.99 3.99 3.98 3.99 3.99 3.99
End Members (%)
% Hedenbergite 62 89 82 78 60 90 90 90 83
% Diopside 16 5 9 10 17 4 3 3 5
% Johannsenite 22 6 9 12 23 6 7 7 12
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Analysis name 1167 139.5m sp2 px 1167 139.5m sp2 px 1167 139.5m sp2 px 1167 139.5m sp2 px 1167 139.5m sp2 px 1167 139.5m sp2 px 1167 139.5m sp3 px 1167 139.5m sp3 px 1167 139.5m sp3 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 49.13 49.26 48.90 49.01 49.22 49.38 48.15 48.11 48.18
TiO2 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Al2O3 0.10 0.09 0.17 0.17 0.12 0.09 0.35 0.21 0.21
FeO 21.88 22.09 22.56 22.52 21.73 21.57 24.15 24.59 24.62
MnO   1.72 1.72 1.81 1.62 1.95 1.94 2.87 2.59 2.46
MgO   2.76 2.78 2.40 2.54 2.91 2.96 0.51 0.51 0.53
CaO   22.70 22.66 22.52 22.63 22.76 22.61 21.89 22.14 22.07
Na2O  0.03 0.03 0.04 0.04 0.03 0.04 0.10 0.06 0.06
K2O   0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01
Total 98.32 98.64 98.42 98.53 98.71 98.61 98.02 98.22 98.13
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.75 0.75 0.77 0.77 0.74 0.73 0.84 0.86 0.86
Cations Mn2+ 0.06 0.06 0.06 0.06 0.07 0.07 0.10 0.09 0.09
Cations Mg2+ 0.17 0.17 0.15 0.16 0.18 0.18 0.03 0.03 0.03
Cations Ca2+ 1.00 0.99 0.99 0.99 0.99 0.99 0.98 0.99 0.99
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.99 3.99 3.99 3.99 3.99 3.99 3.99 3.99
End Members (%)
% Hedenbergite 77 77 79 78 75 75 86 87 88
% Diopside 17 17 15 16 18 18 3 3 3
% Johannsenite 6 6 6 6 7 7 10 9 9
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Analysis name 1167 139.5m sp3 px 1167 139.5m sp3 px 1167 139.5m sp4 px 1167 139.5m sp4 px 1167 139.5m sp4 px 1167 139.5m sp4 px 1167 139.5m sp4 px 1168 109.6m sp1px 1168 109.6m sp1px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.10 48.08 49.31 49.04 49.13 49.64 49.21 53.34 52.79
TiO2 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.03
Al2O3 0.15 0.31 0.18 0.02 0.09 0.05 0.12 0.38 0.81
FeO 24.40 24.93 21.35 22.83 22.02 20.51 21.56 5.45 6.05
MnO   2.36 2.22 1.65 2.03 1.82 1.64 1.72 1.15 0.99
MgO   0.66 0.56 3.28 2.04 2.77 3.79 2.88 14.17 14.06
CaO   22.15 21.81 22.69 22.61 22.63 22.78 22.63 24.56 24.17
Na2O  0.04 0.09 0.06 0.06 0.06 0.03 0.06 0.04 0.04
K2O   0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00
Total 97.86 98.01 98.53 98.63 98.53 98.45 98.18 99.10 98.94
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.00 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.02 0.01 0.00 0.00 0.00 0.01 0.02 0.04
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.85 0.87 0.73 0.78 0.75 0.70 0.74 0.17 0.19
Cations Mn2+ 0.08 0.08 0.06 0.07 0.06 0.06 0.06 0.04 0.03
Cations Mg2+ 0.04 0.03 0.20 0.12 0.17 0.23 0.18 0.79 0.79
Cations Ca2+ 0.99 0.98 0.99 0.99 0.99 0.99 0.99 0.98 0.97
Cations Na2+ 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.99 3.99 3.99 3.99 3.99 3.99 4.00 4.00
End Members (%)
% Hedenbergite 87 88 74 80 76 71 76 17 19
% Diopside 4 4 20 13 17 23 18 79 78
% Johannsenite 9 8 6 7 6 6 6 4 3
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Analysis name 1168 109.6m sp1px 1168 109.6m sp1px 1168 109.6m sp1px 1168 109.6m sp1px 1168 109.6m sp1px 1168 109.6m sp1px 1168 109.6m sp1px 1168 109.6m sp1px 1168 109.6m sp2 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  53.54 53.49 53.37 54.03 54.16 53.84 53.82 53.26 54.29
TiO2  0.01 0.01 0.01 0.00 0.00 0.01 0.02 0.01 0.01
Al2O3 0.20 0.31 0.32 0.18 0.15 0.26 0.29 0.28 0.12
FeO 5.57 5.34 5.84 4.52 4.41 4.95 4.88 6.42 4.08
MnO   1.10 0.99 0.88 0.60 0.63 0.85 0.67 1.20 0.60
MgO   14.17 14.36 14.16 15.18 15.21 14.74 14.87 13.57 15.43
CaO   24.62 24.63 24.57 24.85 24.94 24.78 24.88 24.61 24.93
Na2O  0.02 0.03 0.05 0.04 0.03 0.04 0.04 0.03 0.03
K2O   0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.23 99.17 99.19 99.41 99.54 99.46 99.47 99.38 99.50
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.17 0.17 0.18 0.14 0.14 0.15 0.15 0.20 0.13
Cations Mn2+ 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.04 0.02
Cations Mg2+ 0.79 0.80 0.79 0.84 0.84 0.82 0.82 0.76 0.85
Cations Ca2+ 0.99 0.99 0.98 0.99 0.99 0.99 0.99 0.99 0.99
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.00 4.00 4.00 3.99 4.00 4.00 4.00 3.99
End Members (%)
% Hedenbergite 17 17 18 14 14 15 15 20 13
% Diopside 79 80 79 84 84 82 83 76 85
% Johannsenite 3 3 3 2 2 3 2 4 2
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Analysis name 1168 109.6m sp2 px 1168 109.6m sp2 px 1169-92msp1px 1169-92msp1px 1169-92msp1px 1169-92msp1px 1169-92msp1px 1169-92msp1px 1169-92msp1px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 52.28 53.70 48.40 47.84 47.88 47.86 48.12 48.39 48.19
TiO2 0.01 0.02 0.00 0.01 0.00 0.04 0.04 0.00 0.00
Al2O3 1.21 0.49 0.09 0.06 0.10 0.35 0.36 0.18 0.26
FeO 6.16 4.48 26.31 27.00 27.71 25.02 24.58 24.25 24.33
MnO   0.88 0.74 0.48 0.72 0.78 0.74 0.75 0.90 0.89
MgO   14.61 14.96 0.75 0.05 0.08 0.45 0.45 0.67 0.23
CaO   23.05 24.79 22.78 21.65 21.80 23.33 23.41 23.40 23.48
Na2O  0.04 0.06 0.12 0.22 0.22 0.00 0.00 0.00 0.03
K2O   0.00 0.00 0.00 0.02 0.02 0.01 0.00 0.01 0.00
Total 98.25 99.23 98.93 97.56 98.59 97.81 97.71 97.80 97.41
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.97 1.99 2.00 2.01 2.00 2.00 2.01 2.01 2.02
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.05 0.02 0.00 0.00 0.00 0.02 0.02 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.19 0.14 0.91 0.95 0.97 0.87 0.86 0.84 0.85
Cations Mn2+ 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03
Cations Mg2+ 0.82 0.83 0.05 0.00 0.00 0.03 0.03 0.04 0.01
Cations Ca2+ 0.93 0.99 1.01 0.98 0.98 1.04 1.05 1.04 1.05
Cations Na2+ 0.00 0.00 0.01 0.02 0.02 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.00 4.00 3.99 4.00 3.99 3.98 3.98 3.98
End Members (%)
% Hedenbergite 19 14 94 97 97 94 94 92 95
% Diopside 79 84 5 0 0 3 3 5 2
% Johannsenite 3 2 2 3 3 3 3 3 3
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Analysis name 1169-92msp1px 1169-92msp1px 1169-92msp1px 1169-92msp2px 1169-92msp2px 1169-92msp2px 1169-92msp2px 1169-92msp2px 1193 487 sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.77 48.46 47.75 48.15 48.30 48.56 48.46 48.12 47.98
TiO2 0.02 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Al2O3 0.21 0.14 0.15 0.16 0.19 0.13 0.12 0.12 0.22
FeO 24.92 23.30 22.27 22.93 24.82 23.97 24.30 24.20 27.46
MnO   0.95 1.04 1.13 0.85 0.90 0.91 1.00 1.15 1.12
MgO   0.35 0.95 0.24 0.70 0.32 0.47 0.06 0.02 0.10
CaO   23.31 23.15 23.23 23.23 23.35 23.53 23.48 23.28 20.97
Na2O  0.05 0.03 0.01 0.05 0.02 0.02 0.03 0.01 0.41
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Total 97.59 97.09 94.79 96.07 97.90 97.59 97.47 96.89 98.25
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.02 2.04 2.03 2.01 2.02 2.02 2.02 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.87 0.81 0.79 0.81 0.87 0.83 0.85 0.85 0.96
Cations Mn2+ 0.03 0.04 0.04 0.03 0.03 0.03 0.04 0.04 0.04
Cations Mg2+ 0.02 0.06 0.02 0.04 0.02 0.03 0.00 0.00 0.01
Cations Ca2+ 1.05 1.03 1.06 1.05 1.04 1.05 1.05 1.05 0.94
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.98 3.96 3.97 3.98 3.98 3.97 3.97 4.00
End Members (%)
% Hedenbergite 94 89 93 92 94 93 96 95 95
% Diopside 2 7 2 5 2 3 0 0 1
% Johannsenite 4 4 5 3 3 4 4 5 4
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Analysis name 1193 487 sp1 pxtest 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.69 46.02 47.84 48.11 47.75 47.86 48.01 47.85 47.68
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.03 0.00 0.01 0.10 0.19 0.22 0.12 0.02 0.03
FeO 25.95 25.90 26.77 27.35 28.31 27.25 27.42 27.31 26.21
MnO   3.39 2.90 2.62 1.27 2.07 1.78 1.21 1.94 2.92
MgO   0.08 0.02 0.04 0.08 0.14 0.16 0.04 0.05 0.09
CaO   20.98 21.57 21.04 21.42 19.83 20.81 21.18 20.70 20.96
Na2O  0.09 0.04 0.06 0.28 0.05 0.20 0.31 0.14 0.06
K2O   0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Total 98.21 96.46 98.39 98.60 98.34 98.29 98.30 98.01 97.95
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 1.98 2.01 2.01 2.01 2.01 2.01 2.01 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.91 0.93 0.94 0.96 0.99 0.96 0.96 0.96 0.92
Cations Mn2+ 0.12 0.11 0.09 0.04 0.07 0.06 0.04 0.07 0.10
Cations Mg2+ 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Cations Ca2+ 0.95 1.00 0.95 0.96 0.89 0.93 0.95 0.93 0.95
Cations Na2+ 0.01 0.00 0.00 0.02 0.00 0.02 0.03 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.02 3.99 4.00 3.99 4.00 4.00 3.99 3.99
End Members (%)
% Hedenbergite 88 90 91 95 92 93 95 93 89
% Diopside 0 0 0 0 1 1 0 0 1
% Johannsenite 12 10 9 4 7 6 4 7 10
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Analysis name 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.96 47.89 48.01 48.05 48.24 47.95 48.10 48.06 47.91
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.02 0.17 0.44 0.02 0.11 0.19 0.24 0.13 0.02
FeO 24.25 24.82 24.12 26.84 27.51 28.24 27.48 27.37 26.95
MnO   4.83 4.10 4.64 2.60 1.27 2.01 1.66 1.20 2.34
MgO   0.31 0.23 0.04 0.06 0.14 0.19 0.05 0.04 0.09
CaO   21.15 21.11 20.89 21.16 21.52 19.94 20.89 21.30 20.89
Na2O  0.01 0.02 0.34 0.05 0.28 0.06 0.20 0.31 0.13
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.53 98.33 98.47 98.78 99.06 98.58 98.63 98.42 98.33
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.01 0.02 0.00 0.01 0.01 0.01 0.01 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.85 0.87 0.84 0.94 0.96 0.99 0.96 0.96 0.95
Cations Mn2+ 0.17 0.15 0.16 0.09 0.04 0.07 0.06 0.04 0.08
Cations Mg2+ 0.02 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Cations Ca2+ 0.95 0.95 0.93 0.95 0.96 0.89 0.93 0.95 0.94
Cations Na2+ 0.00 0.00 0.03 0.00 0.02 0.00 0.02 0.03 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.99 4.00 3.99 4.00 3.99 3.99 4.00 4.00
End Members (%)
% Hedenbergite 82 84 83 91 95 92 94 95 91
% Diopside 2 1 0 0 1 1 0 0 1
% Johannsenite 16 14 16 9 4 7 6 4 8
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Analysis name 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 487m sp1 px 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  47.77 48.06 48.05 47.89 47.75 47.76 47.79 47.81 47.79
TiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.02 0.03 0.15 0.48 0.28 0.25 0.26 0.26 0.22
FeO 26.42 24.15 24.70 24.06 26.76 27.20 27.33 27.82 26.45
MnO   2.86 4.77 4.27 4.74 2.54 1.51 1.75 1.88 2.11
MgO   0.31 0.25 0.04 0.40 0.10 0.15 0.07 0.09 0.11
CaO   20.94 21.29 21.37 21.01 20.76 21.31 21.31 20.51 21.47
Na2O  0.06 0.00 0.02 0.34 0.05 0.07 0.05 0.05 0.04
K2O   0.01 0.00 0.00 0.00 0.04 0.00 0.00 0.02 0.01
Total 98.39 98.54 98.60 98.92 98.29 98.24 98.55 98.44 98.20
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.01 2.01 1.99 2.00 2.00 2.00 2.00 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.93 0.84 0.86 0.84 0.94 0.95 0.96 0.98 0.93
Cations Mn2+ 0.10 0.17 0.15 0.17 0.09 0.05 0.06 0.07 0.07
Cations Mg2+ 0.02 0.02 0.00 0.02 0.01 0.01 0.00 0.01 0.01
Cations Ca2+ 0.94 0.95 0.96 0.94 0.93 0.96 0.96 0.92 0.96
Cations Na2+ 0.00 0.00 0.00 0.03 0.00 0.01 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 3.99 3.99 4.01 3.99 3.99 4.00 3.99 3.99
End Members (%)
% Hedenbergite 88 82 85 81 91 94 93 93 92
% Diopside 2 2 0 2 1 1 0 1 1
% Johannsenite 10 16 15 16 9 5 6 6 7
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Analysis name 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.47 47.80 47.66 47.72 47.76 47.76 47.65 47.95 47.49
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.59 0.46 0.48 0.22 0.29 0.21 0.21 0.21 0.53
FeO 27.87 26.77 27.14 26.58 27.17 27.17 27.86 26.38 28.12
MnO   1.76 1.77 1.91 2.48 1.43 2.03 1.91 2.25 1.74
MgO   0.13 0.29 0.24 0.13 0.06 0.09 0.11 0.12 0.30
CaO   20.27 21.26 21.00 21.09 21.52 21.35 20.78 21.77 20.38
Na2O  0.08 0.05 0.06 0.05 0.08 0.04 0.04 0.03 0.06
K2O   0.02 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.01
Total 98.18 98.40 98.50 98.28 98.32 98.65 98.59 98.72 98.63
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 2.00 1.99 2.00 2.00 2.00 2.00 2.00 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.03
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.98 0.94 0.95 0.93 0.95 0.95 0.98 0.92 0.98
Cations Mn2+ 0.06 0.06 0.07 0.09 0.05 0.07 0.07 0.08 0.06
Cations Mg2+ 0.01 0.02 0.01 0.01 0.00 0.01 0.01 0.01 0.02
Cations Ca2+ 0.91 0.95 0.94 0.95 0.97 0.96 0.93 0.97 0.91
Cations Na2+ 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.99 4.00 3.99 3.99 4.00 4.00 4.00 4.00
End Members (%)
% Hedenbergite 93 92 92 91 95 92 93 91 92
% Diopside 1 2 1 1 0 1 1 1 2
% Johannsenite 6 6 7 9 5 7 6 8 6
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Analysis name 1193 490m sp1 px 1193 490m sp1 px 1193 490m sp2 px 1193 490m sp2 px 1193 490m sp2 px 1193 490m sp2 px 1193 490m sp2 px 1193 490m sp2 px 1193 490m sp2 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.91 47.68 47.38 47.67 46.14 47.92 47.20 47.23 47.75
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.45 0.44 0.72 0.36 1.22 0.37 1.51 0.89 0.33
FeO 26.85 26.87 26.26 25.95 27.67 25.68 25.43 26.36 25.89
MnO   1.75 2.09 1.88 2.46 1.94 2.31 2.51 1.93 2.67
MgO   0.21 0.62 0.68 0.53 0.54 0.55 0.66 0.47 0.52
CaO   21.39 21.14 20.87 20.97 18.60 21.44 20.48 20.74 21.08
Na2O  0.05 0.05 0.12 0.06 0.36 0.06 0.09 0.12 0.06
K2O   0.01 0.01 0.06 0.02 0.20 0.01 0.05 0.08 0.03
Total 98.61 98.91 97.97 98.02 96.67 98.34 97.93 97.83 98.32
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 1.99 1.99 2.00 1.97 2.00 1.97 1.98 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.02 0.02 0.04 0.02 0.06 0.02 0.07 0.04 0.02
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.94 0.94 0.92 0.91 0.99 0.90 0.89 0.93 0.91
Cations Mn2+ 0.06 0.07 0.07 0.09 0.07 0.08 0.09 0.07 0.09
Cations Mg2+ 0.01 0.04 0.04 0.03 0.03 0.03 0.04 0.03 0.03
Cations Ca2+ 0.96 0.94 0.94 0.94 0.85 0.96 0.92 0.93 0.94
Cations Na2+ 0.00 0.00 0.01 0.00 0.03 0.00 0.01 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total cations 3.99 4.01 4.00 3.99 4.02 3.99 3.99 4.00 4.00
End Members (%)
% Hedenbergite 93 89 89 88 90 89 87 90 88
% Diopside 1 4 4 3 3 3 4 3 3
% Johannsenite 6 7 6 8 6 8 9 7 9
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Analysis name 1193 490m sp2 px 1193 490m sp2 px 1193 490m sp2 px 1193 490msp1 px 1193 490msp1 px 1193 490msp1 px 1224-144msp1diop 1224-144msp1diop 1224-144msp1diop 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 46.87 47.80 46.93 47.87 47.71 47.62 50.25 52.28 52.21
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Al2O3 1.13 0.37 1.73 0.34 0.32 0.32 0.00 0.04 0.05
FeO 27.12 25.36 25.84 27.27 27.29 27.15 7.72 10.58 10.61
MnO   2.02 2.75 2.27 1.78 1.75 1.73 0.24 0.33 0.33
MgO   0.46 0.68 0.03 0.10 0.10 0.10 11.57 10.77 10.63
CaO   19.55 21.60 20.25 21.13 21.15 21.18 23.03 25.72 25.64
Na2O  0.34 0.05 0.10 0.06 0.06 0.06 0.00 0.01 0.01
K2O   0.15 0.01 0.09 0.00 0.00 0.01 0.00 0.01 0.00
Total 97.63 98.61 97.23 98.55 98.37 98.16 92.83 99.73 99.48
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.99 1.98 2.00 2.00 2.00 2.02 1.99 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.06 0.02 0.09 0.02 0.02 0.02 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.96 0.88 0.91 0.95 0.96 0.95 0.26 0.34 0.34
Cations Mn2+ 0.07 0.10 0.08 0.06 0.06 0.06 0.01 0.01 0.01
Cations Mg2+ 0.03 0.04 0.00 0.01 0.01 0.01 0.69 0.61 0.61
Cations Ca2+ 0.88 0.96 0.91 0.95 0.95 0.95 0.99 1.05 1.05
Cations Na2+ 0.03 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.00 3.99 3.99 3.99 3.99 3.98 4.01 4.00
End Members (%)
% Hedenbergite 90 86 92 93 93 93 27 35 35
% Diopside 3 4 0 1 1 1 72 64 63
% Johannsenite 7 9 8 6 6 6 1 1 1
227
Analysis name 1224-144msp1diop 1224-144msp1hed 1224-144msp1hed 1224-144msp1hed 1224-144msp1hed 1224-144msp1hed 1224-144msp2diop 1224-144msp2diop 1224-144msp2diop 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 52.28 49.44 49.41 48.89 49.55 48.45 51.27 52.63 52.10
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.04 0.00 0.02 0.03 0.04 0.06 0.05 0.03 0.03
FeO 10.50 20.68 19.96 17.12 17.85 16.79 12.46 8.84 12.15
MnO   0.36 0.91 0.92 1.12 1.16 1.44 0.30 0.32 0.37
MgO   10.69 3.19 3.60 4.23 3.91 3.71 9.62 11.92 9.85
CaO   25.85 24.05 24.31 24.05 24.38 24.13 25.28 25.65 25.55
Na2O  0.03 0.07 0.40 0.01 0.03 0.00 0.00 0.01 0.01
K2O   0.02 0.02 0.00 0.01 0.00 0.01 0.00 0.00 0.01
Total 99.77 98.35 98.62 95.45 96.92 94.59 98.98 99.39 100.08
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 2.01 2.00 2.02 2.02 2.02 1.99 2.00 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.33 0.70 0.68 0.59 0.61 0.59 0.40 0.28 0.39
Cations Mn2+ 0.01 0.03 0.03 0.04 0.04 0.05 0.01 0.01 0.01
Cations Mg2+ 0.61 0.19 0.22 0.26 0.24 0.23 0.56 0.67 0.56
Cations Ca2+ 1.06 1.05 1.06 1.06 1.07 1.08 1.05 1.04 1.05
Cations Na2+ 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 3.99 4.01 3.98 3.98 3.98 4.01 4.00 4.01
End Members (%)
% Hedenbergite 35 76 73 66 69 68 42 29 40
% Diopside 64 21 23 29 27 27 57 70 58
% Johannsenite 1 3 3 4 5 6 1 1 1
228
Analysis name 1224-144msp2diop 1224-144msp2px 1224-144msp2px 1224-144msp2px 1224-144msp2px 947 419mB sp1 px 947 419mB sp1 px 947 419mB sp1 px 947 419mB sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  51.76 52.13 51.90 51.81 51.42 48.48 48.36 48.40 48.35
TiO2  0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01
Al2O3 0.00 0.02 0.03 0.03 0.02 0.19 0.24 0.19 0.16
FeO 12.54 10.80 11.94 11.17 12.18 24.93 25.10 23.94 24.32
MnO   0.41 0.35 0.36 0.38 0.39 1.72 2.32 2.03 1.84
MgO   9.59 10.53 10.17 10.20 9.53 1.19 0.49 1.51 1.43
CaO   25.64 25.59 25.39 25.41 24.89 22.15 22.21 22.22 22.21
Na2O  0.01 0.00 0.01 0.01 0.00 0.09 0.14 0.20 0.22
K2O   0.00 0.01 0.00 0.00 0.01 0.01 0.02 0.04 0.03
Total 99.97 99.43 99.82 99.02 98.44 98.77 98.89 98.55 98.58
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 2.00 1.99 2.00 2.00 2.00 2.00 2.00 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.40 0.35 0.38 0.36 0.40 0.86 0.87 0.83 0.84
Cations Mn2+ 0.01 0.01 0.01 0.01 0.01 0.06 0.08 0.07 0.06
Cations Mg2+ 0.55 0.60 0.58 0.59 0.55 0.07 0.03 0.09 0.09
Cations Ca2+ 1.06 1.05 1.04 1.05 1.04 0.98 0.99 0.98 0.98
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.02
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.00 4.01 4.00 4.00 4.00 4.00 4.00 4.01
End Members (%)
% Hedenbergite 42 36 39 38 41 87 89 83 85
% Diopside 57 63 60 61 57 7 3 9 9
% Johannsenite 1 1 1 1 1 6 8 7 6
229
Analysis name 947 419mB sp1 px 947 419mB sp1 px 947 419mB sp1 px 947 419mB sp1 px 947 419mB sp1 px 947 419mB sp1 px 947 419mB sp1 px 947 419mB sp1 px 947 419mB sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.95 48.30 48.07 48.26 47.07 48.33 48.46 48.12 48.62
TiO2 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.00
Al2O3 0.18 0.17 0.23 0.25 0.33 0.25 0.18 0.23 0.23
FeO 25.40 25.56 24.45 24.53 25.87 24.17 24.85 25.35 24.59
MnO   1.94 1.48 2.78 1.52 1.92 1.73 1.86 2.22 1.77
MgO   0.48 0.77 0.43 1.19 1.36 1.55 1.17 0.53 1.40
CaO   22.08 22.22 22.07 22.06 19.73 22.31 22.21 22.06 22.33
Na2O  0.14 0.08 0.19 0.31 0.07 0.11 0.10 0.12 0.11
K2O   0.03 0.01 0.03 0.07 0.01 0.02 0.01 0.02 0.01
Total 98.20 98.59 98.25 98.21 96.38 98.47 98.85 98.66 99.05
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.00 2.01 2.00 2.00 2.00 2.00 2.00 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.89 0.89 0.85 0.85 0.92 0.84 0.86 0.88 0.85
Cations Mn2+ 0.07 0.05 0.10 0.05 0.07 0.06 0.07 0.08 0.06
Cations Mg2+ 0.03 0.05 0.03 0.07 0.09 0.10 0.07 0.03 0.09
Cations Ca2+ 0.99 0.99 0.99 0.98 0.90 0.99 0.98 0.98 0.98
Cations Na2+ 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 3.99 4.00 4.00 4.00 4.00 4.00 4.00 4.00
End Members (%)
% Hedenbergite 90 90 87 87 86 84 86 89 85
% Diopside 3 5 3 8 8 10 7 3 9
% Johannsenite 7 5 10 5 6 6 7 8 6
230
Analysis name 949-457cpx 949-457cpx 949-457cpx 949-457cpx 949-457cpx 949-457cpx 949-457cpx 949-457cpx 949-457cpx 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  48.24 47.90 47.98 47.81 48.21 46.66 47.79 48.18 48.80
TiO2  0.00 0.02 0.02 0.01 0.01 0.01 0.01 0.00 0.01
Al2O3 0.11 0.08 0.14 0.12 0.09 0.11 0.11 0.13 0.14
FeO 29.53 28.58 29.95 29.56 28.87 25.83 28.76 28.90 25.97
MnO   0.66 0.71 0.82 0.83 1.18 1.11 1.33 1.39 1.98
MgO   0.26 0.27 0.11 0.23 0.37 0.38 0.35 0.36 2.14
CaO   22.89 23.03 23.03 23.01 22.88 21.74 22.82 22.55 23.02
Na2O  0.11 0.10 0.09 0.09 0.12 0.14 0.16 0.10 0.05
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 101.80 100.68 102.15 101.65 101.72 95.98 101.33 101.61 102.12
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.97 1.97 1.96 1.96 1.97 2.00 1.96 1.97 1.96
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 1.01 0.98 1.02 1.01 0.99 0.93 0.99 0.99 0.87
Cations Mn2+ 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.07
Cations Mg2+ 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.13
Cations Ca2+ 1.00 1.02 1.01 1.01 1.00 1.00 1.00 0.99 0.99
Cations Na2+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.03 4.04 4.04 4.03 4.00 4.04 4.03 4.04
End Members (%)
% Hedenbergite 96 96 97 96 94 93 94 93 82
% Diopside 2 2 1 1 2 2 2 2 12
% Johannsenite 2 2 3 3 4 4 4 5 6
231
Analysis name 949-457cpx 949-457sp2cpx 949-457sp2cpx 949-457sp2cpx 949-457sp2cpx 949-457sp2cpx 949-457sp2cpx 949-457sp2cpx 949-457sp2cpx 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.36 48.02 48.25 48.31 47.95 48.51 47.68 48.46 48.17
TiO2 0.00 0.01 0.01 0.01 0.01 0.00 0.02 0.03 0.00
Al2O3 0.14 0.12 0.18 0.14 0.13 0.21 0.17 0.09 0.17
FeO 25.31 28.09 28.88 28.82 28.11 27.26 28.76 28.27 27.26
MnO   2.50 1.31 1.38 1.44 1.41 1.48 1.51 1.57 1.52
MgO   1.56 0.59 0.61 1.08 0.79 1.46 0.33 1.17 1.10
CaO   23.00 22.38 22.26 22.19 22.36 22.30 21.96 21.66 22.05
Na2O  0.04 0.15 0.26 0.19 0.12 0.22 0.19 0.09 0.19
K2O   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.92 100.68 101.82 102.18 100.89 101.44 100.62 101.34 100.47
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.97 1.97 1.97 1.96 1.97 1.97 1.97 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.86 0.97 0.98 0.98 0.97 0.93 0.99 0.96 0.94
Cations Mn2+ 0.09 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Cations Mg2+ 0.09 0.04 0.04 0.07 0.05 0.09 0.02 0.07 0.07
Cations Ca2+ 1.00 0.99 0.97 0.97 0.98 0.97 0.97 0.95 0.97
Cations Na2+ 0.00 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.02
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.03 4.04 4.04 4.03 4.03 4.03 4.02 4.03
End Members (%)
% Hedenbergite 83 92 92 89 91 87 93 89 89
% Diopside 9 3 3 6 5 8 2 7 6
% Johannsenite 8 4 4 5 5 5 5 5 5
232
Analysis name 949-457sp2cpx 949-457sp2cpx 952-588msp2cpx 952-588msp2cpx 952-588msp2cpx 952-588msp2cpx 952-588msp2cpx 952-588msp2cpx 952-588msp2cpx 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  48.40 48.07 48.20 48.57 49.30 49.75 49.87 48.67 50.12
TiO2  0.05 0.01 0.00 0.00 0.01 0.03 0.00 0.04 0.02
Al2O3 0.19 0.12 0.50 0.42 0.15 0.17 0.12 0.48 0.12
FeO 27.92 27.75 25.08 25.10 20.29 19.30 21.33 23.90 20.80
MnO   1.64 1.64 1.06 1.21 1.32 1.31 1.36 1.40 1.43
MgO   1.27 1.12 2.39 2.33 4.85 5.02 4.41 2.59 4.59
CaO   22.16 21.83 23.44 23.57 24.03 24.21 24.12 23.70 24.33
Na2O  0.19 0.12 0.06 0.05 0.05 0.04 0.04 0.08 0.06
K2O   0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00
Total 101.82 100.67 100.75 101.25 100.01 99.82 101.26 100.87 101.46
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.97 1.97 1.96 1.96 1.97 1.98 1.98 1.96 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.95 0.95 0.85 0.85 0.68 0.64 0.71 0.81 0.69
Cations Mn2+ 0.06 0.06 0.04 0.04 0.04 0.04 0.05 0.05 0.05
Cations Mg2+ 0.08 0.07 0.14 0.14 0.29 0.30 0.26 0.16 0.27
Cations Ca2+ 0.96 0.96 1.02 1.02 1.03 1.03 1.02 1.02 1.03
Cations Na2+ 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.04 4.03 4.04 4.03 4.03 4.01 4.02 4.03 4.02
End Members (%)
% Hedenbergite 88 88 82 82 67 65 70 80 68
% Diopside 7 6 14 14 29 30 26 15 27
% Johannsenite 5 5 4 4 4 4 5 5 5
233
Analysis name 952-588msp2cpx 952-588msp2cpx 952w1-574cpx 952w1-574cpx 952w1-574cpx 952w1-574cpx 952w1-574cpx 952w1-574cpx 952w1-574cpx 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.79 49.65 49.42 49.14 48.64 47.27 48.43 47.90 48.26
TiO2 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.01 0.00
Al2O3 0.43 0.13 0.06 0.08 0.06 0.43 0.05 0.39 0.10
FeO 22.98 20.74 22.15 22.10 26.56 27.25 25.47 26.17 25.19
MnO   1.52 1.56 1.45 1.44 1.61 1.64 1.71 1.72 2.01
MgO   3.06 4.61 4.40 3.69 0.93 0.26 1.51 0.66 1.65
CaO   23.53 24.31 23.83 23.89 23.35 23.09 23.71 23.27 23.44
Na2O  0.09 0.01 0.02 0.08 0.15 0.07 0.01 0.02 0.08
K2O   0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Total 100.40 101.04 101.33 100.42 101.31 100.02 100.90 100.13 100.73
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.97 1.97 1.97 1.97 1.98 1.96 1.97 1.97 1.97
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.02 0.01 0.00 0.00 0.00 0.02 0.00 0.02 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.78 0.69 0.74 0.74 0.90 0.95 0.87 0.90 0.86
Cations Mn2+ 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.07
Cations Mg2+ 0.18 0.27 0.26 0.22 0.06 0.02 0.09 0.04 0.10
Cations Ca2+ 1.02 1.03 1.02 1.03 1.02 1.03 1.03 1.03 1.02
Cations Na2+ 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.03 4.03 4.03 4.03 4.03 4.03 4.02 4.03
End Members (%)
% Hedenbergite 77 68 70 73 89 93 85 90 83
% Diopside 18 27 25 22 6 2 9 4 10
% Johannsenite 5 5 5 5 5 6 6 6 7
234
Analysis name 952w1-574cpx 952w1-574cpx 952w1-574cpx 952w1-574msp1px 952w1-574msp1px 952w1-574msp1px 952w1-574msp1px 952w1-574msp1px 952w1-574msp1px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  47.58 47.80 48.57 47.95 47.87 47.14 47.78 47.43 47.75
TiO2  0.01 0.00 0.02 0.00 0.01 0.04 0.02 0.00 0.00
Al2O3 0.24 0.15 0.04 0.18 0.18 0.64 0.23 0.38 0.18
FeO 27.60 26.94 25.63 26.67 26.32 26.62 26.70 26.29 26.82
MnO   2.13 2.16 2.22 0.31 0.32 0.32 0.33 0.32 0.38
MgO   0.38 0.34 1.15 0.84 0.99 0.42 0.83 0.61 0.85
CaO   22.37 23.04 23.22 23.20 23.04 22.77 23.25 23.18 23.07
Na2O  0.06 0.09 0.08 0.02 0.04 0.12 0.08 0.05 0.05
K2O   0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.00
Total 100.37 100.53 100.94 99.17 98.78 98.06 99.21 98.26 99.10
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.97 1.97 1.98 1.99 1.99 1.98 1.98 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.00 0.01 0.01 0.03 0.01 0.02 0.01
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.95 0.93 0.87 0.92 0.91 0.93 0.93 0.92 0.93
Cations Mn2+ 0.07 0.08 0.08 0.01 0.01 0.01 0.01 0.01 0.01
Cations Mg2+ 0.02 0.02 0.07 0.05 0.06 0.03 0.05 0.04 0.05
Cations Ca2+ 0.99 1.02 1.01 1.03 1.02 1.02 1.03 1.04 1.03
Cations Na2+ 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.03 4.02 4.01 4.01 4.01 4.02 4.01 4.02
End Members (%)
% Hedenbergite 91 91 86 94 93 96 94 95 93
% Diopside 2 2 7 5 6 3 5 4 5
% Johannsenite 7 7 8 1 1 1 1 1 1
235
Analysis name 952w1-574msp1px 952w1-574msp1px 952w1-574msp1px 952w1-574msp1px 952w1-574msp2diop 952w1-574msp2diop 952w1-574msp2diop 952w1-574msp2diop 952w1-574msp2diop 
Skarn Type cpx-po cpx-po cpx-po cpx-po ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt ga-sph-mt
SiO2 46.73 48.37 48.50 47.44 54.07 54.22 54.10 54.49 53.77
TiO2 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.02 0.00
Al2O3 0.78 0.06 0.05 0.55 0.10 0.03 0.10 0.05 0.00
FeO 28.04 25.08 25.27 26.84 3.82 2.99 3.08 2.36 4.73
MnO   0.39 0.40 0.40 0.48 0.06 0.06 0.08 0.13 0.20
MgO   0.05 1.51 1.35 0.44 16.09 16.67 16.36 16.78 15.00
CaO   22.62 23.45 23.28 22.85 26.59 26.77 26.24 26.63 26.57
Na2O  0.05 0.12 0.08 0.07 0.01 0.01 0.00 0.00 0.01
K2O   0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.00
Total 98.67 99.00 98.97 98.67 100.74 100.76 99.96 100.45 100.28
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.96 1.99 2.00 1.98 1.98 1.98 1.98 1.98 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.04 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.98 0.86 0.87 0.94 0.12 0.09 0.09 0.07 0.15
Cations Mn2+ 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.01
Cations Mg2+ 0.00 0.09 0.08 0.03 0.88 0.91 0.89 0.91 0.83
Cations Ca2+ 1.02 1.03 1.03 1.02 1.04 1.05 1.03 1.04 1.05
Cations Na2+ 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.02 4.01 4.00 4.01 4.02 4.02 4.01 4.01 4.01
End Members (%)
% Hedenbergite 98 89 90 95 12 9 10 7 15
% Diopside 0 10 9 3 88 91 90 92 84
% Johannsenite 1 1 1 2 0 0 0 0 1
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Analysis name 952w1-574msp2hed 952w1-574msp2hed 952w1-574msp2hed 952w1-574msp2hed 952w1-574msp2hed 965-480msp1px 965-480msp1px 965-480msp1px 965-480msp1px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.89 47.71 49.08 48.45 47.78 48.36 48.56 48.57 48.23
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Al2O3 0.12 0.21 0.11 0.21 0.25 0.43 0.24 0.26 0.08
FeO 22.86 26.31 23.33 25.12 25.52 25.39 25.60 25.63 25.03
MnO   0.20 0.25 0.28 0.28 0.29 0.14 0.14 0.16 0.19
MgO   3.20 1.05 2.99 2.14 1.50 2.72 2.29 2.17 2.42
CaO   23.75 23.26 23.62 23.50 23.32 22.95 23.26 23.29 23.45
Na2O  0.04 0.00 0.08 0.09 0.09 0.23 0.16 0.13 0.08
K2O   0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Total 99.06 98.80 99.49 99.79 98.75 100.22 100.27 100.21 99.48
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.98 1.99 1.98 1.98 1.96 1.97 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.78 0.91 0.79 0.86 0.88 0.86 0.87 0.87 0.86
Cations Mn2+ 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01
Cations Mg2+ 0.19 0.06 0.18 0.13 0.09 0.16 0.14 0.13 0.15
Cations Ca2+ 1.03 1.03 1.03 1.03 1.03 1.00 1.01 1.02 1.03
Cations Na2+ 0.00 0.00 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.01 4.01 4.02 4.02 4.03 4.03 4.02 4.03
End Members (%)
% Hedenbergite 79 93 81 86 90 84 86 86 85
% Diopside 20 7 18 13 9 16 14 13 15
% Johannsenite 1 1 1 1 1 0 0 1 1
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Analysis name 965-480msp1px 965-480msp1px 965-480msp1px 965-480msp1px 965-480msp1px 965-480msp1px 965-480msp2px 965-480msp2px 965-480msp2px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 49.07 48.12 48.47 48.13 48.72 48.04 48.58 47.97 48.46
TiO2 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Al2O3 0.06 0.09 0.07 0.14 0.05 0.04 0.27 0.22 0.10
FeO 24.15 27.27 26.26 27.48 24.85 26.81 23.07 28.36 26.21
MnO   0.20 0.22 0.25 0.29 0.31 0.32 0.10 0.18 0.21
MgO   2.36 0.92 1.85 0.69 2.06 0.75 3.79 0.89 2.59
CaO   23.73 23.00 22.27 22.39 23.61 23.02 22.20 22.46 22.46
Na2O  0.09 0.10 0.09 0.14 0.05 0.04 0.14 0.07 0.08
K2O   0.02 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.02
Total 99.69 99.73 99.26 99.26 99.64 99.04 98.15 100.15 100.13
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.98 1.99 1.99 1.99 1.99 1.99 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.82 0.94 0.90 0.95 0.85 0.93 0.79 0.98 0.89
Cations Mn2+ 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01
Cations Mg2+ 0.14 0.06 0.11 0.04 0.13 0.05 0.23 0.05 0.16
Cations Ca2+ 1.03 1.02 0.98 0.99 1.03 1.02 0.97 0.99 0.98
Cations Na2+ 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.02 4.01 4.01 4.01 4.01 4.01 4.02 4.03
End Members (%)
% Hedenbergite 85 94 88 95 86 94 77 94 84
% Diopside 15 6 11 4 13 5 23 5 15
% Johannsenite 1 1 1 1 1 1 0 1 1
238
Analysis name 965-480msp2px 965-480msp2px 965-480msp2px 965-480msp2px 965-480msp2px 965-480msp2px 967-496mpx 967-496mpx 967-496mpx 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.01 46.75 49.13 48.33 47.19 48.09 48.71 49.76 47.17
TiO2 0.00 0.00 0.01 0.00 0.00 0.03 0.01 0.00 0.00
Al2O3 0.15 0.15 0.03 0.19 0.02 0.07 2.38 0.12 0.36
FeO 27.14 25.52 25.43 26.46 23.20 27.73 28.98 21.82 21.38
MnO   0.23 0.23 0.26 0.26 0.26 0.44 1.22 1.19 1.11
MgO   1.14 1.41 2.69 1.29 1.94 1.08 5.26 5.09 4.05
CaO   22.90 21.59 22.11 22.58 21.69 21.98 11.54 23.16 20.85
Na2O  0.12 0.09 0.11 0.13 0.11 0.04 0.35 0.08 0.19
K2O   0.00 0.00 0.00 0.00 0.01 0.01 0.20 0.00 0.00
Total 99.69 95.74 99.77 99.24 94.43 99.48 98.65 101.22 95.11
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.98 1.99 2.00 1.99 2.02 1.99 1.98 1.97 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.00 0.01 0.00 0.00 0.11 0.01 0.02
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.94 0.91 0.86 0.91 0.83 0.96 0.99 0.72 0.75
Cations Mn2+ 0.01 0.01 0.01 0.01 0.01 0.02 0.04 0.04 0.04
Cations Mg2+ 0.07 0.09 0.16 0.08 0.12 0.07 0.32 0.30 0.25
Cations Ca2+ 1.01 0.99 0.96 1.00 0.99 0.97 0.50 0.98 0.94
Cations Na2+ 0.01 0.01 0.01 0.01 0.01 0.00 0.03 0.01 0.02
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Total cations 4.02 4.01 4.01 4.01 3.99 4.01 3.98 4.03 4.01
End Members (%)
% Hedenbergite 92 90 83 91 86 92 73 68 72
% Diopside 7 9 16 8 13 6 24 28 24
% Johannsenite 1 1 1 1 1 1 3 4 4
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Analysis name 967-496mpx 967-496mpx 967-496mpx 967-496mpx 967-496mpx 973-437mpx 973-437mpx 973-437mpx 973-437mpx 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 49.50 49.62 49.80 50.02 49.44 47.85 47.69 47.16 46.97
TiO2 0.00 0.00 0.01 0.00 0.02 0.02 0.00 0.03 0.02
Al2O3 0.33 0.28 0.09 0.11 0.08 0.24 0.60 0.56 0.79
FeO 23.25 20.76 21.19 21.50 21.00 28.24 27.57 28.22 27.46
MnO   1.21 1.23 1.28 1.40 1.41 1.21 1.41 1.60 1.61
MgO   4.42 5.80 5.11 4.97 5.13 0.17 0.45 0.22 0.18
CaO   22.36 22.73 23.48 23.60 23.30 23.42 23.21 22.61 22.76
Na2O  0.16 0.22 0.08 0.06 0.08 0.00 0.00 0.04 0.12
K2O   0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01
Total 101.23 100.65 101.04 101.66 100.48 101.16 100.93 100.45 99.91
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.97 1.97 1.97 1.97 1.97 1.96 1.96 1.95 1.95
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.02 0.01 0.00 0.01 0.00 0.01 0.03 0.03 0.04
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.77 0.69 0.70 0.71 0.70 0.97 0.95 0.98 0.95
Cations Mn2+ 0.04 0.04 0.04 0.05 0.05 0.04 0.05 0.06 0.06
Cations Mg2+ 0.26 0.34 0.30 0.29 0.30 0.01 0.03 0.01 0.01
Cations Ca2+ 0.95 0.97 1.00 1.00 1.00 1.03 1.02 1.00 1.01
Cations Na2+ 0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.03 4.04 4.03 4.03 4.03 4.03 4.03 4.03 4.03
End Members (%)
% Hedenbergite 72 64 67 68 67 95 93 93 93
% Diopside 24 32 29 28 29 1 3 1 1
% Johannsenite 4 4 4 4 5 4 5 5 6
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Analysis name 973-437mpx 973-437mpx 973-437mpx 973-437mpx 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  46.95 47.62 47.58 47.76 49.64 46.59 49.82 49.41 49.96
TiO2  0.06 0.01 0.00 0.04 0.00 0.01 0.00 0.07 0.01
Al2O3 0.74 0.19 0.38 0.36 0.10 2.08 0.06 0.90 0.35
FeO 28.31 27.31 27.25 26.81 21.24 23.17 21.30 19.60 19.31
MnO   1.67 2.38 2.50 3.30 0.78 0.65 0.89 0.51 0.75
MgO   0.20 0.12 0.21 0.20 4.20 4.44 4.14 5.33 5.51
CaO   22.64 22.66 22.67 22.22 22.84 19.79 22.96 23.20 23.19
Na2O  0.07 0.02 0.01 0.00 0.08 0.04 0.09 0.02 0.04
K2O   0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Total 100.65 100.31 100.62 100.69 98.87 96.78 99.26 99.04 99.11
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.94 1.97 1.96 1.97 2.00 1.93 2.00 1.97 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.04 0.01 0.02 0.02 0.00 0.10 0.00 0.04 0.02
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.98 0.95 0.94 0.92 0.72 0.80 0.72 0.66 0.64
Cations Mn2+ 0.06 0.08 0.09 0.12 0.03 0.02 0.03 0.02 0.03
Cations Mg2+ 0.01 0.01 0.01 0.01 0.25 0.27 0.25 0.32 0.33
Cations Ca2+ 1.00 1.01 1.00 0.98 0.99 0.88 0.99 0.99 0.99
Cations Na2+ 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.04 4.02 4.03 4.02 4.00 4.02 4.00 4.00 4.00
End Members (%)
% Hedenbergite 93 91 90 88 72 73 72 66 65
% Diopside 1 1 1 1 25 25 25 32 33
% Johannsenite 6 8 8 11 3 2 3 2 3
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Analysis name 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px 976 624m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 49.58 49.46 49.54 49.39 49.83 49.21 49.51 47.13 49.74
TiO2 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Al2O3 0.17 0.51 0.13 0.05 0.31 0.22 0.05 1.24 0.04
FeO 20.17 18.61 20.46 20.86 20.22 21.70 21.21 23.35 20.89
MnO   1.93 1.88 2.22 1.96 1.28 1.61 2.12 1.86 1.81
MgO   4.23 5.34 3.80 3.66 4.54 3.27 3.28 2.93 3.68
CaO   22.89 22.26 22.72 22.83 23.00 22.87 22.70 20.96 22.91
Na2O  0.05 0.10 0.03 0.06 0.05 0.05 0.07 0.05 0.05
K2O   0.00 0.03 0.00 0.02 0.00 0.00 0.01 0.02 0.00
Total 99.03 98.19 98.90 98.84 99.24 98.95 98.94 97.54 99.13
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 1.99 2.00 2.00 2.00 2.00 2.01 1.96 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.06 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.68 0.63 0.69 0.71 0.68 0.74 0.72 0.81 0.71
Cations Mn2+ 0.07 0.06 0.08 0.07 0.04 0.06 0.07 0.07 0.06
Cations Mg2+ 0.25 0.32 0.23 0.22 0.27 0.20 0.20 0.18 0.22
Cations Ca2+ 0.99 0.96 0.98 0.99 0.99 1.00 0.99 0.93 0.99
Cations Na2+ 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.00 3.99 4.00 4.00 4.00 3.99 4.01 3.99
End Members (%)
% Hedenbergite 68 62 69 71 68 74 73 77 71
% Diopside 25 32 23 22 27 20 20 17 22
% Johannsenite 7 6 8 7 4 6 7 6 6
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Analysis name 976 624m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.96 48.21 48.26 47.37 47.16 47.42 47.57 47.37 47.42
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.06 0.59 0.58 0.35 0.53 0.52 0.61 0.51 0.46
FeO 23.69 22.23 22.40 25.40 26.22 26.61 26.38 26.54 26.40
MnO   1.64 5.53 5.44 2.75 1.91 1.62 1.95 1.80 2.27
MgO   2.07 0.38 0.40 0.15 0.23 0.22 0.27 0.33 0.40
CaO   22.58 20.73 20.82 21.28 21.17 21.22 21.29 21.22 20.63
Na2O  0.03 0.38 0.38 0.14 0.12 0.23 0.13 0.17 0.11
K2O   0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Total 99.03 98.05 98.28 97.45 97.34 97.84 98.20 97.94 97.70
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.01 2.01 2.00 1.99 1.99 1.99 1.99 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.02
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.81 0.78 0.78 0.90 0.93 0.94 0.92 0.93 0.93
Cations Mn2+ 0.06 0.20 0.19 0.10 0.07 0.06 0.07 0.06 0.08
Cations Mg2+ 0.13 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.03
Cations Ca2+ 0.99 0.93 0.93 0.96 0.96 0.96 0.96 0.96 0.93
Cations Na2+ 0.00 0.03 0.03 0.01 0.01 0.02 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 3.99 3.99 3.99 4.00 4.00 4.00 4.00 4.00 4.00
End Members (%)
% Hedenbergite 82 78 78 89 92 93 91 92 90
% Diopside 13 2 2 1 1 1 2 2 2
% Johannsenite 6 20 19 10 7 6 7 6 8
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Analysis name 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.63 47.77 48.19 48.13 47.43 47.54 47.21 47.69 47.50
TiO2 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Al2O3 0.37 0.37 0.57 0.59 0.38 0.56 0.57 0.61 0.54
FeO 22.84 23.11 22.14 22.31 25.62 26.25 26.46 26.54 26.46
MnO   6.02 6.24 5.55 5.45 2.63 1.90 1.62 1.98 1.74
MgO   0.50 0.48 0.40 0.16 0.23 0.22 0.28 0.34 0.41
CaO   20.20 20.12 20.94 20.95 21.49 21.40 21.35 21.36 21.40
Na2O  0.26 0.25 0.36 0.38 0.17 0.14 0.25 0.12 0.17
K2O   0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Total 97.82 98.36 98.16 97.98 97.95 98.00 97.76 98.64 98.23
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.00 2.01 2.01 1.99 1.99 1.99 1.99 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.02 0.02 0.03 0.03 0.02 0.03 0.03 0.03 0.03
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.80 0.81 0.77 0.78 0.90 0.92 0.93 0.93 0.93
Cations Mn2+ 0.21 0.22 0.20 0.19 0.09 0.07 0.06 0.07 0.06
Cations Mg2+ 0.03 0.03 0.03 0.01 0.01 0.01 0.02 0.02 0.03
Cations Ca2+ 0.91 0.90 0.93 0.94 0.97 0.96 0.96 0.95 0.96
Cations Na2+ 0.02 0.02 0.03 0.03 0.01 0.01 0.02 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.00 3.99 3.99 4.00 4.00 4.01 4.00 4.00
End Members (%)
% Hedenbergite 77 76 78 79 89 92 92 91 91
% Diopside 3 3 3 1 1 1 2 2 3
% Johannsenite 20 21 20 20 9 7 6 7 6
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Analysis name 978 422m sp1 px 978 422m sp1 px 978 422m sp1 px 1099 341m sp1 px 1099 341m sp1 px 1099 341m sp1 px 1099 341m sp1 px 1099 341m sp1 px 1099 341m sp1 px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 47.58 47.97 47.98 48.31 48.37 48.48 48.74 47.84 48.49
TiO2 0.00 0.03 0.01 0.00 0.01 0.06 0.00 0.00 0.00
Al2O3 0.48 0.39 0.36 0.03 0.06 0.06 0.25 0.21 0.10
FeO 26.09 23.00 23.08 27.26 27.56 28.68 28.24 28.23 26.54
MnO   2.38 6.03 6.24 1.75 1.80 1.22 0.91 0.91 2.37
MgO   0.50 0.49 0.02 0.03 0.00 0.00 0.11 0.05
CaO   20.85 20.48 20.32 22.85 22.79 22.16 22.15 22.34 22.79
Na2O  0.11 0.24 0.24 0.01 0.02 0.13 0.27 0.11 0.06
K2O   0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00
Total 97.98 98.62 98.24 100.24 100.66 100.80 100.57 99.89 100.49
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 2.00 2.01 1.99 1.99 1.99 2.00 1.98 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.02 0.02 0.02 0.00 0.00 0.00 0.01 0.01 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.92 0.80 0.81 0.94 0.95 0.99 0.97 0.98 0.91
Cations Mn2+ 0.08 0.21 0.22 0.06 0.06 0.04 0.03 0.03 0.08
Cations Mg2+ 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Cations Ca2+ 0.94 0.91 0.91 1.01 1.00 0.98 0.97 0.99 1.00
Cations Na2+ 0.01 0.02 0.02 0.00 0.00 0.01 0.02 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.00 3.99 4.01 4.01 4.01 4.01 4.02 4.01
End Members (%)
% Hedenbergite 89 77 78 94 94 96 97 96 91
% Diopside 3 3 0 0 0 0 0 1 0
% Johannsenite 8 20 22 6 6 4 3 3 8
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Analysis name 1099 341m sp1 px 1099 341m sp1 px 1099 341m sp1 px 1099 341m sp1 px 1099 341m sp2 px 1099 341m sp2 px 1099 341m sp2 px 1099 341m sp2 px 1099 341m sp2 px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  48.33 48.41 48.42 48.43 99.88 47.87 48.74 48.28 48.25
TiO2  0.00 0.00 0.02 0.00 0.03 0.00 0.00 0.04 0.02
Al2O3 0.18 0.11 0.16 0.07 0.14 0.00 0.04 0.14 0.00
FeO 27.59 28.62 28.64 28.52 0.36 27.68 28.11 27.84 26.66
MnO   1.05 0.86 0.97 0.93 0.02 1.30 1.13 0.90 2.07
MgO   0.02 0.00 0.00 0.00 0.00 0.10 0.07 0.56 0.07
CaO   22.61 22.77 22.80 22.61 0.05 22.64 23.13 22.65 22.68
Na2O  0.15 0.14 0.08 0.27 0.02 0.03 0.02 0.06 0.01
K2O   0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00
Total 99.94 101.04 101.09 100.94 100.52 99.65 101.37 100.48 99.77
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 2.00 1.99 1.98 1.99 2.99 1.99 1.99 1.98 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.95 0.98 0.98 0.98 0.01 0.96 0.96 0.96 0.92
Cations Mn2+ 0.04 0.03 0.03 0.03 0.00 0.05 0.04 0.03 0.07
Cations Mg2+ 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.00
Cations Ca2+ 1.00 1.00 1.00 0.99 0.00 1.01 1.01 1.00 1.01
Cations Na2+ 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.02 4.02 4.02 3.01 4.01 4.01 4.02 4.00
End Members (%)
% Hedenbergite 96 97 97 97 93 95 96 94 92
% Diopside 0 0 0 0 2 1 0 3 0
% Johannsenite 4 3 3 3 5 5 4 3 7
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Analysis name 1099 341m sp2 px 1099 341m sp2 px 1099 341m sp2 px 1099 341m sp2 px 1099 341m sp2 px 1100 349m sp1 px 1100 349m sp1 px 1100 349m sp1 px 1100 349m sp1 px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.60 48.41 48.43 48.42 48.38 49.45 49.14 48.59 48.32
TiO2 0.00 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.00
Al2O3 0.01 0.03 0.00 0.00 0.02 0.01 0.02 0.04 0.03
FeO 26.62 26.41 27.14 26.86 27.92 22.28 20.74 27.13 27.43
MnO   2.10 2.07 2.10 2.08 1.72 4.40 4.27 1.91 1.80
MgO   0.11 0.14 0.09 0.07 0.07 1.71 1.88 0.11 0.11
CaO   23.27 23.30 23.30 23.28 23.06 23.66 23.47 23.07 23.14
Na2O  0.00 0.00 0.00 0.02 0.04 0.10 0.06 0.09 0.07
K2O   0.00 0.00 0.00 0.02 0.01 0.00 0.01 0.01 0.00
Total 100.71 100.39 101.16 100.75 101.26 101.68 99.63 101.08 100.91
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.99 1.98 1.99 1.98 1.99 2.00 1.99 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.91 0.91 0.93 0.92 0.96 0.75 0.71 0.93 0.94
Cations Mn2+ 0.07 0.07 0.07 0.07 0.06 0.15 0.15 0.07 0.06
Cations Mg2+ 0.01 0.01 0.01 0.00 0.00 0.10 0.11 0.01 0.01
Cations Ca2+ 1.02 1.03 1.02 1.02 1.01 1.02 1.02 1.01 1.02
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.01 4.02 4.01 4.02 4.02 4.00 4.01 4.02
End Members (%)
% Hedenbergite 92 92 92 92 94 75 73 93 93
% Diopside 1 1 1 0 0 10 12 1 1
% Johannsenite 7 7 7 7 6 15 15 7 6
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Analysis name 1100 349m sp1 px 1100 349m sp1 px 1100 349m sp1 px 1100 349m sp1 px 1100 349m sp1 px 1100 349m sp1 px 1100 349m sp2 px 1100 349m sp2 px 1100 349m sp2 px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 49.48 48.61 48.68 49.14 48.83 49.30 48.45 48.71 48.66
TiO2 0.09 0.02 0.00 0.00 0.03 0.00 0.01 0.00 0.00
Al2O3 0.02 0.03 0.04 0.03 0.01 0.03 0.03 0.05 0.06
FeO 20.69 26.41 27.03 22.54 24.85 26.66 27.33 27.97 27.69
MnO   5.63 2.03 1.94 4.11 3.62 2.13 1.93 1.78 1.74
MgO   1.65 0.52 0.19 1.56 0.32 0.46 0.16 0.18 0.13
CaO   23.44 23.26 23.11 23.47 23.16 23.24 22.96 22.84 23.05
Na2O  0.03 0.08 0.08 0.05 0.05 0.10 0.09 0.11 0.11
K2O   0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Total 101.16 100.97 101.10 100.94 100.99 101.94 101.20 101.65 101.44
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.98 1.99
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.70 0.90 0.92 0.76 0.85 0.90 0.94 0.95 0.94
Cations Mn2+ 0.19 0.07 0.07 0.14 0.13 0.07 0.07 0.06 0.06
Cations Mg2+ 0.10 0.03 0.01 0.09 0.02 0.03 0.01 0.01 0.01
Cations Ca2+ 1.01 1.02 1.01 1.02 1.01 1.01 1.01 1.00 1.01
Cations Na2+ 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.00 4.02 4.01 4.01 4.01 4.01 4.02 4.02 4.02
End Members (%)
% Hedenbergite 71 90 92 76 85 90 92 93 93
% Diopside 10 3 1 9 2 3 1 1 1
% Johannsenite 19 7 7 14 13 7 7 6 6
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Analysis name 1100 349m sp2 px 1100 349m sp2 px 1100 349m sp2 px 1100 349m sp2 px 1100 349m sp2 px 1100 349m sp2 px 1100 349m sp2 px 951 215m sp2 px 951 215m sp2 px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2  48.42 48.46 49.25 48.83 48.60 48.39 49.12 48.87 48.72
TiO2  0.02 0.00 0.02 0.00 0.01 0.00 0.04 0.03 0.00
Al2O3 0.07 0.10 0.03 0.01 0.04 0.05 0.04 0.06 0.07
FeO 26.98 27.39 24.10 24.67 27.65 27.88 23.72 27.19 26.11
MnO   1.85 1.77 3.18 3.23 1.68 1.72 3.68 2.68 2.95
MgO   0.13 0.14 1.29 0.64 0.12 0.13 1.18 0.04 0.02
CaO   23.07 23.16 23.08 23.26 22.98 23.13 23.41 22.93 22.85
Na2O  0.10 0.11 0.29 0.04 0.10 0.13 0.06 0.02 0.10
K2O   0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01
Total 100.73 101.16 101.29 100.74 101.29 101.44 101.26 101.83 101.00
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.98 1.99 1.99 1.99 1.98 1.99 1.99 2.00
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.93 0.94 0.82 0.84 0.95 0.95 0.80 0.92 0.89
Cations Mn2+ 0.06 0.06 0.11 0.11 0.06 0.06 0.13 0.09 0.10
Cations Mg2+ 0.01 0.01 0.08 0.04 0.01 0.01 0.07 0.00 0.00
Cations Ca2+ 1.01 1.02 1.00 1.02 1.01 1.01 1.02 1.00 1.00
Cations Na2+ 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.00 0.01
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.02 4.02 4.01 4.02 4.03 4.01 4.01 4.01
End Members (%)
% Hedenbergite 93 93 81 85 94 93 80 91 90
% Diopside 1 1 8 4 1 1 7 0 0
% Johannsenite 6 6 11 11 6 6 13 9 10
249
Analysis name 951 215m sp2 px 951 215m sp2 px 951 215m sp2 px 951 215m sp2 px 951 215m sp2 px 951 215m sp2 px 951 215m sp2 px 951 215m sp2 px 1099340msp1px 
Skarn Type cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po cpx-po
SiO2 48.88 48.22 48.94 49.87 48.95 49.51 48.82 48.85 48.06
TiO2 0.00 0.03 0.00 0.02 0.01 0.01 0.01 0.10 0.00
Al2O3 0.09 0.20 0.39 0.26 0.12 0.30 0.02 0.35 0.06
FeO 26.45 27.46 27.40 25.38 27.40 23.94 27.67 27.02 26.12
MnO   3.10 1.63 1.14 1.33 1.84 1.39 1.70 1.56 0.63
MgO   0.02 0.46 0.55 2.32 0.59 2.33 0.18 1.60 0.04
CaO   22.83 21.92 22.69 22.90 22.69 22.89 22.61 21.28 23.42
Na2O  0.10 0.06 0.24 0.16 0.05 0.20 0.15 0.10 0.01
K2O   0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.02 0.01
Total 101.49 100.00 101.34 102.25 101.69 100.60 101.16 100.99 98.35
Cations Based on 6 Oxygen - General Formula: Ca(Fe2+,Fe3+,Mg,Mn,Al)(Si,Al)2O6
Cations Si4+ 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.98 2.01
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.01 0.02 0.01 0.01 0.01 0.00 0.02 0.00
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.90 0.95 0.93 0.84 0.93 0.81 0.95 0.92 0.91
Cations Mn2+ 0.11 0.06 0.04 0.04 0.06 0.05 0.06 0.05 0.02
Cations Mg2+ 0.00 0.03 0.03 0.14 0.04 0.14 0.01 0.10 0.00
Cations Ca2+ 1.00 0.97 0.99 0.98 0.99 0.99 0.99 0.93 1.05
Cations Na2+ 0.01 0.00 0.02 0.01 0.00 0.02 0.01 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total cations 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 3.99
End Members (%)
% Hedenbergite 89 92 93 82 90 81 93 86 97
% Diopside 0 3 3 13 3 14 1 9 0
% Johannsenite 11 6 4 4 6 5 6 5 2
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MnO   0.30
MgO   0.07
CaO   23.08
Na2O  0.10
K2O   0.01
Total 99.67

















Appendix 3.4: Amphibole Composition by Microprobe
Analysis Name 947 419mB sp2 amph 947 419mB sp2 amph 947 419mB sp1 amph 947 419mB sp1 amph 947 419mB sp1 amph 1167 139.5m sp1 amph 947 419mB sp1 amph 1167 139.5m sp1 amph
F 0.17 0.06 0.23 0.21 0.20 0.07 0.25 0.14
Cl 1.26 1.20 1.21 0.89 0.85 1.05 0.79 0.81
SiO2 38.66 39.26 36.87 38.78 39.69 38.57 38.53 39.30
TiO2 0.12 0.17 0.09 0.29 0.12 0.15 0.20 0.13
Al2O3 8.62 8.83 10.44 9.21 8.58 9.24 9.70 8.76
FeO 32.91 31.69 32.13 31.48 31.78 31.82 31.63 32.21
MnO   0.66 1.33 0.68 0.91 0.84 0.83 0.64 0.68
MgO   0.34 0.54 0.38 0.80 0.82 0.38 0.81 0.39
CaO   10.98 10.96 10.94 10.98 10.96 10.80 10.99 10.84
Na2O  0.84 0.69 0.87 0.93 0.91 0.67 1.06 0.75
K2O   1.89 1.79 2.66 1.80 1.63 1.82 1.65 1.57
Total 96.45 96.53 96.50 96.28 96.38 95.38 96.25 95.59
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 6.48 6.52 6.21 6.45 6.58 6.47 6.39 6.56
T Site Cations Al4+ 1.52 1.48 1.79 1.55 1.42 1.53 1.61 1.44
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.19 0.25 0.28 0.26 0.26 0.30 0.29 0.29
C Site Cations Ti4+ 0.01 0.02 0.01 0.04 0.01 0.02 0.03 0.02
C Site Cations Fe2+ 3.95 3.74 3.85 3.77 3.81 3.77 3.73 3.85
C Site Cations Fe3+ 0.67 0.66 0.68 0.61 0.59 0.69 0.66 0.65
C Site Cations Mn2+ 0.10 0.19 0.10 0.13 0.12 0.12 0.09 0.10
C Site Cations Mg2+ 0.08 0.13 0.09 0.20 0.20 0.09 0.20 0.10
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.98 1.96 1.98 1.96 1.95 1.95 1.96 1.94
B Site Cations Na+ 0.02 0.04 0.02 0.04 0.05 0.05 0.04 0.06
Sum Cations B Site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A Site Cations K+ 0.41 0.38 0.57 0.38 0.34 0.39 0.35 0.33
A Site Cations Na+ 0.25 0.18 0.26 0.26 0.24 0.16 0.30 0.19
Sum Cations  A Site 0.65 0.56 0.83 0.64 0.59 0.55 0.65 0.52
Total Cations 15.65 15.56 15.84 15.64 15.59 15.55 15.65 15.52
Mg/(Fe+Mg) 0.02 0.03 0.02 0.05 0.05 0.02 0.05 0.02
Amphibole Name Hastingsite Ferro-edenite Hastingsite Hastingsite Ferro-edenite Hastingsite Hastingsite Ferro-edenite
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Analysis Name 947 419mB sp3 amph 1167 139.5m sp1 amph 1167 139.5m sp1 amph 947 419mB sp3 amph 947 419.6m sp3 amph 1167 139.5m sp1 amph 947 419mB sp2 amph 947 419mB sp3 amph
F 0.22 0.08 0.12 0.24 0.16 0.18 0.12 0.09
Cl 0.85 0.75 1.02 0.91 0.75 0.79 1.03 1.03
SiO2 39.04 38.20 38.73 37.97 39.33 38.10 38.18 38.92
TiO2 0.55 0.16 0.21 0.25 0.21 0.15 0.35 0.43
Al2O3 9.18 10.01 9.42 9.89 9.78 10.33 10.52 9.41
FeO 31.62 31.59 31.50 31.83 30.52 31.43 31.20 31.33
MnO   0.72 0.76 0.85 0.66 1.05 0.76 0.95 0.69
MgO   0.76 0.44 0.41 0.42 1.02 0.38 0.40 0.67
CaO   10.91 10.99 10.98 11.02 10.94 11.05 10.99 11.13
Na2O  0.98 0.56 0.67 0.91 0.62 0.60 0.82 0.81
K2O   1.79 1.96 1.73 2.21 2.01 2.01 1.85 1.88
Total 96.61 95.50 95.64 96.30 96.39 95.79 96.39 96.40
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 6.47 6.38 6.48 6.36 6.48 6.36 6.33 6.48
T Site Cations Al4+ 1.53 1.62 1.52 1.64 1.52 1.64 1.67 1.52
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.26 0.35 0.34 0.31 0.37 0.39 0.39 0.32
C Site Cations Ti4+ 0.07 0.02 0.03 0.03 0.03 0.02 0.04 0.05
C Site Cations Fe2+ 3.81 3.73 3.82 3.92 3.59 3.75 3.70 3.90
C Site Cations Fe3+ 0.57 0.68 0.59 0.53 0.61 0.64 0.63 0.46
C Site Cations Mn2+ 0.10 0.11 0.12 0.10 0.15 0.11 0.13 0.10
C Site Cations Mg2+ 0.19 0.11 0.10 0.10 0.25 0.09 0.10 0.17
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.94 1.97 1.97 1.98 1.93 1.98 1.96 1.99
B Site Cations Na+ 0.06 0.03 0.03 0.02 0.07 0.02 0.04 0.01
Sum Cations B Site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A Site Cations K+ 0.38 0.42 0.37 0.47 0.42 0.43 0.39 0.40
A Site Cations Na+ 0.25 0.15 0.19 0.28 0.13 0.17 0.22 0.25
Sum Cations  A Site 0.63 0.57 0.56 0.75 0.56 0.60 0.61 0.65
Total Cations 15.63 15.57 15.56 15.75 15.56 15.60 15.61 15.65
Mg/(Fe+Mg) 0.05 0.03 0.03 0.03 0.06 0.02 0.03 0.04
Amphibole Name Hastingsite Hastingsite Hastingsite Hastingsite Hastingsite Hastingsite Hastingsite Hastingsite
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Analysis Name 947 419mB sp2 amph 1086 307.6m sp1 amph 947 419mB sp1 amph 1135 141 spt1 amph 1135 141 spt1 amph 1135 141 spt1 amph 947 419m sp1 amph 947 419m sp1 amph
F 0.20 0.16 0.12 0.31 0.19 0.38 0.29 0.35
Cl 0.72 0.94 1.17 0.29 0.53 0.43 0.96 0.95
SiO2 37.89 38.55 38.00 41.88 40.69 41.08 37.29 37.21
TiO2 0.29 0.59 0.18 0.44 0.20 0.20 0.20 0.20
Al2O3 11.32 10.96 9.35 9.93 10.66 10.45 14.08 14.14
FeO 30.36 30.55 30.76 26.32 27.95 28.08 25.37 25.34
MnO   0.64 0.56 1.01 0.44 0.46 0.31 1.10 1.08
MgO   0.77 0.75 0.71 4.84 3.80 3.57 2.46 2.44
CaO   11.13 11.04 10.78 11.98 11.63 11.74 12.39 12.35
Na2O  0.78 0.62 1.70 0.87 0.97 0.99 0.77 0.75
K2O   1.68 1.76 1.80 1.58 1.90 1.21 2.13 2.16
Total 95.79 96.48 95.56 98.88 98.98 98.43 97.05 96.98
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 6.27 6.34 6.43 6.52 6.38 6.46 6.07 6.06
T Site Cations Al4+ 1.73 1.66 1.57 1.48 1.62 1.54 1.93 1.94
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.48 0.46 0.30 0.34 0.36 0.40 0.77 0.78
C Site Cations Ti4+ 0.04 0.07 0.02 0.05 0.02 0.02 0.02 0.02
C Site Cations Fe2+ 3.57 3.61 4.01 2.98 3.04 3.10 3.35 3.35
C Site Cations Fe3+ 0.63 0.59 0.35 0.45 0.62 0.59 0.10 0.10
C Site Cations Mn2+ 0.09 0.08 0.15 0.06 0.06 0.04 0.15 0.15
C Site Cations Mg2+ 0.19 0.18 0.18 1.12 0.89 0.84 0.60 0.59
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.98 1.95 1.96 2.00 1.96 1.98 2.16 2.16
B Site Cations Na+ 0.02 0.05 0.04 0.00 0.04 0.02 0.00 0.00
Sum Cations B Site 2.00 2.00 2.00 2.00 2.00 2.00 2.16 2.16
A Site Cations K+ 0.36 0.37 0.39 0.31 0.38 0.24 0.44 0.45
A Site Cations Na+ 0.23 0.15 0.52 0.26 0.25 0.28 0.24 0.24
Sum Cations  A Site 0.58 0.52 0.91 0.58 0.63 0.53 0.69 0.69
Total Cations 15.58 15.52 15.91 15.58 15.63 15.52 15.85 15.85
Mg/(Fe+Mg) 0.05 0.05 0.04 0.27 0.23 0.21 0.15 0.15
Amphibole Name Hastingsite Hastingsite Hastingsite Ferro-edenite Hastingsite Hastingsite Pargasite Pargasite
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Analysis Name 947 419mB sp2 amph 947 419mB sp3 amph 947 419mB sp3 amph 947 419.6m sp3 amph 947 419.6m sp2 amph 947 419.6m sp3 amph 947 419.6m sp2 amph 947 419.6m sp2 amph
F 0.14 0.14 0.15 0.09 0.10 0.16 0.15 0.12
Cl 0.87 0.73 0.93 0.66 0.78 0.73 0.65 0.88
SiO2 40.24 40.33 39.77 40.75 40.41 39.97 40.56 40.82
TiO2 0.27 0.24 0.34 0.17 0.11 0.20 0.15 0.08
Al2O3 8.28 7.73 8.62 8.43 8.75 9.07 9.08 8.41
FeO 31.68 32.01 31.71 30.52 29.92 30.85 30.00 30.33
MnO   1.15 0.88 1.05 1.22 1.82 1.34 1.47 1.71
MgO   0.60 0.65 0.71 1.18 1.40 1.15 1.36 1.39
CaO   11.09 10.96 10.77 11.16 10.99 10.85 10.98 11.02
Na2O  0.67 0.66 0.73 0.51 0.63 0.54 0.74 0.65
K2O   1.51 1.54 1.63 1.70 1.66 1.90 1.41 1.50
Total 96.50 95.87 96.40 96.40 96.56 96.75 96.54 96.91
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 6.66 6.71 6.57 6.69 6.61 6.54 6.61 6.66
T Site Cations Al4+ 1.34 1.29 1.43 1.31 1.39 1.46 1.39 1.34
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.27 0.23 0.25 0.32 0.30 0.29 0.36 0.28
C Site Cations Ti4+ 0.03 0.03 0.04 0.02 0.01 0.02 0.02 0.01
C Site Cations Fe2+ 3.86 3.92 3.68 3.69 3.44 3.46 3.48 3.48
C Site Cations Fe3+ 0.53 0.53 0.70 0.50 0.65 0.76 0.61 0.66
C Site Cations Mn2+ 0.16 0.13 0.15 0.17 0.26 0.19 0.21 0.24
C Site Cations Mg2+ 0.15 0.16 0.18 0.29 0.34 0.28 0.33 0.34
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.97 1.96 1.91 1.97 1.93 1.90 1.92 1.93
B Site Cations Na+ 0.03 0.04 0.09 0.03 0.07 0.10 0.08 0.07
Sum Cations B Site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A Site Cations K+ 0.32 0.33 0.34 0.36 0.35 0.40 0.29 0.31
A Site Cations Na+ 0.18 0.17 0.14 0.13 0.13 0.08 0.16 0.14
Sum Cations  A Site 0.50 0.50 0.49 0.49 0.47 0.47 0.45 0.45
Total Cations 15.51 15.50 15.49 15.48 15.48 15.47 15.45 15.45
Mg/(Fe+Mg) 0.04 0.04 0.05 0.07 0.09 0.07 0.09 0.09
Amphibole Name Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende
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Analysis Name 947 419.6m sp3 amph 947 419m sp1 amph 947 419.6m sp3 amph 1193 490m sp1 amph 947 419m sp1 amph 947 419.6m sp2 amph 1153 181.9m sp2 amph 1153 181.9m sp1 amph
F 0.11 0.26 0.16 0.05 0.33 0.15 0.21 0.23
Cl 0.83 0.79 0.66 0.91 0.43 0.58 0.20 0.46
SiO2 40.68 41.45 41.50 40.98 42.53 42.32 41.08 42.12
TiO2 0.10 0.15 0.14 0.00 0.05 0.05 0.00 0.01
Al2O3 8.51 8.23 7.58 5.39 8.84 7.59 8.30 6.55
FeO 31.41 26.22 30.90 32.71 24.52 30.19 30.61 30.70
MnO   1.22 2.83 1.41 1.46 3.60 1.38 0.98 1.14
MgO   0.99 3.49 1.29 0.63 3.07 1.63 1.72 2.11
CaO   10.88 10.94 10.92 10.92 11.89 11.05 11.09 10.95
Na2O  0.68 0.61 0.53 0.51 0.48 0.59 0.38 0.26
K2O   1.46 1.55 1.46 1.03 1.06 1.21 1.41 1.64
Total 96.84 96.53 96.55 94.58 96.81 96.75 95.97 96.16
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 6.64 6.67 6.78 6.93 6.81 6.86 6.69 6.88
T Site Cations Al4+ 1.36 1.33 1.22 1.07 1.19 1.14 1.31 1.12
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.28 0.23 0.24 0.00 0.48 0.31 0.28 0.14
C Site Cations Ti4+ 0.01 0.02 0.02 0.00 0.01 0.01 0.00 0.00
C Site Cations Fe2+ 3.56 2.75 3.59 3.91 3.06 3.56 3.42 3.48
C Site Cations Fe3+ 0.73 0.78 0.63 0.72 0.23 0.53 0.75 0.71
C Site Cations Mn2+ 0.17 0.39 0.20 0.21 0.50 0.19 0.14 0.16
C Site Cations Mg2+ 0.24 0.84 0.32 0.16 0.73 0.39 0.42 0.51
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.91 1.89 1.92 1.98 2.04 1.92 1.94 1.92
B Site Cations Na+ 0.09 0.11 0.08 0.02 0.00 0.08 0.06 0.08
Sum Cations B Site 2.00 2.00 2.00 2.00 2.04 2.00 2.00 2.00
A Site Cations K+ 0.30 0.32 0.31 0.22 0.22 0.25 0.29 0.34
A Site Cations Na+ 0.12 0.08 0.08 0.15 0.15 0.11 0.06 0.00
Sum Cations  A Site 0.43 0.40 0.39 0.37 0.37 0.36 0.35 0.34
Total Cations 15.42 15.40 15.39 15.37 15.41 15.36 15.35 15.35
Mg/(Fe+Mg) 0.06 0.23 0.08 0.04 0.19 0.10 0.11 0.13
Amphibole Name Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende
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Analysis Name 1193 490m sp1 amph 947 419m sp1 amph 1193 490m sp1 amph 1193 490m sp1 amph 1193 490m sp1 amph 1086 307.6m sp1 amph 1193 490m sp1 amph 1193 490m sp1 amph
F 0.01 0.28 0.03 0.01 0.02 0.12 0.07 0.07
Cl 0.95 0.61 0.65 0.66 0.59 0.43 0.66 0.62
SiO2 42.29 41.85 41.67 41.59 41.60 42.50 43.06 43.27
TiO2 0.00 0.12 0.00 0.00 0.00 0.30 0.00 0.00
Al2O3 5.85 8.20 5.12 4.87 5.07 7.66 5.26 5.24
FeO 33.03 26.31 32.69 32.85 32.80 30.75 32.95 33.22
MnO   1.46 3.24 1.56 1.58 1.58 0.69 1.55 1.59
MgO   0.78 3.23 0.64 0.66 0.62 1.54 0.65 0.67
CaO   10.87 10.81 10.83 10.78 10.77 10.88 10.76 10.77
Na2O  0.54 0.59 0.44 0.39 0.43 0.46 0.44 0.43
K2O   1.11 1.33 0.93 0.95 0.88 1.01 0.95 0.87
Total 96.90 96.57 94.57 94.35 94.37 96.34 96.35 96.74
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 6.94 6.70 7.01 7.01 7.00 6.88 7.08 7.07
T Site Cations Al4+ 1.06 1.30 0.99 0.99 1.00 1.12 0.92 0.93
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.07 0.25 0.02 0.00 0.00 0.34 0.09 0.07
C Site Cations Ti4+ 0.00 0.01 0.00 0.00 0.00 0.04 0.00 0.00
C Site Cations Fe2+ 3.76 2.68 3.89 3.84 3.83 3.58 3.83 3.77
C Site Cations Fe3+ 0.77 0.84 0.71 0.79 0.78 0.58 0.70 0.77
C Site Cations Mn2+ 0.21 0.45 0.23 0.23 0.23 0.10 0.22 0.22
C Site Cations Mg2+ 0.19 0.77 0.16 0.17 0.16 0.37 0.16 0.16
Sum Cations C Site 5.00 5.00 5.00 5.02 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.91 1.86 1.95 1.95 1.94 1.89 1.90 1.89
B Site Cations Na+ 0.09 0.14 0.05 0.05 0.06 0.11 0.10 0.11
Sum Cations B Site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A Site Cations K+ 0.23 0.27 0.20 0.21 0.19 0.21 0.20 0.18
A Site Cations Na+ 0.09 0.04 0.10 0.08 0.09 0.03 0.04 0.02
Sum Cations  A Site 0.32 0.31 0.30 0.28 0.27 0.24 0.24 0.21
Total Cations 15.31 15.32 15.30 15.31 15.27 15.24 15.23 15.20
Mg/(Fe+Mg) 0.05 0.22 0.04 0.04 0.04 0.09 0.04 0.04
Amphibole Name Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende
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Analysis Name 1193 490m sp1 amph 955 438m sp1 amph 1193 490m sp1 amph 1193 490m sp1 amph 1153 181.9m sp1 amph 955 438m sp2 amph 947 419.6m sp2 amph 955 438m sp2 amph
F 0.03 0.11 0.00 0.03 0.10 0.37 0.13 0.30
Cl 0.66 0.16 0.46 0.52 0.25 0.10 0.27 0.08
SiO2 43.40 41.10 43.21 44.50 45.72 44.80 44.88 45.36
TiO2 0.00 0.18 0.00 0.00 0.01 0.12 0.06 0.11
Al2O3 5.05 8.45 3.96 4.21 3.89 6.48 4.93 6.04
FeO 33.05 30.37 32.86 33.01 31.00 26.32 27.90 26.23
MnO   1.57 1.14 1.69 1.71 1.26 1.22 4.30 1.43
MgO   0.69 1.27 0.79 0.67 2.28 4.65 2.25 4.78
CaO   10.70 10.54 10.71 10.63 10.94 10.70 10.54 10.68
Na2O  0.38 0.59 0.33 0.35 0.25 0.57 0.39 0.58
K2O   0.96 0.50 0.54 0.60 0.57 0.44 0.58 0.38
Total 96.50 94.41 94.54 96.23 96.26 95.77 96.25 95.96
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 7.11 6.73 7.20 7.27 7.37 7.06 7.19 7.12
T Site Cations Al4+ 0.89 1.27 0.80 0.73 0.63 0.94 0.81 0.88
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.08 0.36 0.00 0.08 0.10 0.26 0.13 0.24
C Site Cations Ti4+ 0.00 0.02 0.00 0.00 0.00 0.01 0.01 0.01
C Site Cations Fe2+ 3.80 3.28 3.80 3.84 3.63 2.71 2.96 2.69
C Site Cations Fe3+ 0.72 0.87 0.78 0.68 0.54 0.76 0.78 0.76
C Site Cations Mn2+ 0.22 0.16 0.24 0.24 0.17 0.16 0.59 0.19
C Site Cations Mg2+ 0.17 0.31 0.20 0.16 0.55 1.09 0.54 1.12
Sum Cations C Site 5.00 5.00 5.02 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.88 1.85 1.92 1.86 1.89 1.81 1.81 1.80
B Site Cations Na+ 0.12 0.15 0.08 0.14 0.11 0.19 0.19 0.20
Sum Cations B Site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
A Site Cations K+ 0.20 0.11 0.11 0.13 0.12 0.09 0.12 0.08
A Site Cations Na+ 0.00 0.04 0.02 -0.03 -0.03 -0.02 -0.06 -0.02
Sum Cations  A Site 0.20 0.14 0.14 0.10 0.09 0.07 0.06 0.05
Total Cations 15.20 15.15 15.15 15.10 15.09 15.08 15.06 15.06
Mg/(Fe+Mg) 0.04 0.09 0.05 0.04 0.13 0.29 0.15 0.29
Amphibole Name Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende
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Analysis Name 955 438m sp1 amph 947 419m sp1 amph 955 438m sp1 amph 955 438m sp2 amph 955 438m sp2 amph 1135 141 spt1 amph 
F 0.27 0.05 0.19 0.46 0.39 0.35
Cl 0.13 0.05 0.12 0.04 0.06 0.48
SiO2 44.76 42.69 43.18 46.42 45.13 42.85
TiO2 0.18 0.02 0.22 0.07 0.09 0.22
Al2O3 6.22 4.46 7.58 5.70 6.68 8.55
FeO 27.12 23.07 31.47 25.53 26.71 27.72
MnO   1.53 2.23 1.16 1.02 1.20 0.47
MgO   4.52 7.32 0.73 5.38 4.30 4.10
CaO   10.46 12.50 10.47 10.89 10.60 11.87
Na2O  0.54 0.08 0.50 0.47 0.52 0.69
K2O   0.56 0.05 0.33 0.26 0.30 1.30
Total 96.29 92.52 95.95 96.25 95.99 98.60
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 7.01 6.93 6.96 7.23 7.08 6.73
T Site Cations Al4+ 0.99 1.07 1.04 0.77 0.92 1.27
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.16 0.00 0.40 0.28 0.31 0.31
C Site Cations Ti4+ 0.02 0.00 0.03 0.01 0.01 0.03
C Site Cations Fe2+ 2.56 2.22 3.50 2.70 2.70 3.20
C Site Cations Fe3+ 0.99 0.91 0.74 0.63 0.81 0.44
C Site Cations Mn2+ 0.21 0.31 0.16 0.14 0.16 0.06
C Site Cations Mg2+ 1.06 1.77 0.17 1.25 1.01 0.96
Sum Cations C Site 5.00 5.22 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.76 2.18 1.81 1.82 1.78 2.00
B Site Cations Na+ 0.24 0.00 0.19 0.18 0.22 0.00
Sum Cations B Site 2.00 2.18 2.00 2.00 2.00 2.00
A Site Cations K+ 0.11 0.01 0.07 0.05 0.06 0.26
A Site Cations Na+ -0.08 0.03 -0.03 -0.04 -0.06 0.21
Sum Cations  A Site 0.04 0.04 0.04 0.02 0.00 0.47
Total Cations 15.03 15.43 15.04 15.02 15.00 15.47
Mg/(Fe+Mg) 0.29 0.44 0.05 0.32 0.27 0.23
Amphibole Name Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende Ferro-hornblende
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Sample Name Re ppm Err 2σ
Appendix 3.5: Re-Os Geochronology 
Data 187Re ppb Err 2σ 187Os ppb Err 2σ Model Age (Ma) Err 2σ
DH955 438m 72.67 0.21 45.68 0.13 236.5 0.2 310.0 1.3
Appendix 3.6: U-Pb Geochronology Data
Analysis Name 207Pb/206Pb Err 2σ 206Pb/238U Err 2σ 207Pb/235U Err 2σ 207Pb/206Pb Age Err 2σ 206Pb/238U Age Err 2σ 207Pb/235U Age Err 2σ
CG16-63-1 0.056 0.0028 0.04985 0.0016 0.387 0.025 452.4 111.0 313.6 9.8 332.2 18.1
CG16-63-2 0.05544 0.0011 0.04924 0.0014 0.3738 0.015 430.0 44.2 309.9 8.6 322.5 11.0
CG16-63-3 0.0542 0.0011 0.0491 0.0014 0.3633 0.015 379.4 45.6 309.0 8.6 314.7 11.1
CG16-63-4 0.0643 0.0021 0.04836 0.0015 0.424 0.021 751.5 69.0 304.4 9.2 358.9 14.9
CG16-63-5 0.0566 0.0015 0.04741 0.0014 0.3674 0.017 476.0 58.6 298.6 8.6 317.7 12.5
CG16-63-6 0.0583 0.0014 0.04675 0.0015 0.3724 0.017 541.1 52.5 294.5 9.2 321.4 12.5
CG16-63-7 0.052 0.0014 0.04467 0.0013 0.3185 0.014 285.4 61.6 281.7 8.0 280.7 10.7
CG16-63-8 0.0534 0.0018 0.0449 0.0014 0.33 0.017 345.8 76.3 283.1 8.6 289.6 12.9
CG16-63-9 0.051 0.0031 0.0456 0.0016 0.317 0.021 240.8 140.1 287.5 9.9 279.6 16.1
CG16-63-10 0.0535 0.0017 0.04584 0.0014 0.3368 0.016 350.1 71.8 288.9 8.6 294.7 12.1
CG16-63-11 0.0521 0.0016 0.04586 0.0014 0.3278 0.016 289.8 70.2 289.1 8.6 287.9 12.2
CG16-63-12 0.0524 0.0016 0.04714 0.0014 0.3382 0.016 302.9 69.6 296.9 8.6 295.8 12.1
CG16-63-13 0.0534 0.0021 0.04721 0.0015 0.345 0.018 345.8 89.0 297.4 9.2 301.0 13.5
CG16-63-14 0.05286 0.00098 0.04757 0.0014 0.3432 0.014 322.8 42.1 299.6 8.6 299.6 10.5
CG16-63-15 0.0509 0.0014 0.0475 0.0014 0.3319 0.016 236.3 63.5 299.2 8.6 291.0 12.1
CG16-63-16 0.05364 0.0011 0.04768 0.0014 0.3499 0.015 356.0 46.3 300.3 8.6 304.6 11.2
CG16-63-17 0.05263 0.001 0.04763 0.0014 0.3429 0.014 312.9 43.2 300.0 8.6 299.4 10.5
CG16-63-18 0.0531 0.0014 0.04775 0.0014 0.346 0.015 333.1 59.8 300.7 8.6 301.7 11.3
CG16-63-19 0.0535 0.0014 0.04823 0.0014 0.3557 0.016 350.1 59.2 303.6 8.6 309.0 11.9
CG16-63-20 0.0521 0.0011 0.04816 0.0014 0.3428 0.015 289.8 48.2 303.2 8.6 299.3 11.3
CG16-63-21 0.0528 0.0015 0.04885 0.0015 0.3543 0.017 320.2 64.6 307.5 9.2 308.0 12.7
CG16-63-22 0.0521 0.00093 0.04895 0.0014 0.3475 0.014 289.8 40.8 308.1 8.6 302.8 10.5
CG16-63-23 0.05265 0.00086 0.04952 0.0014 0.3563 0.014 313.7 37.2 311.6 8.6 309.4 10.4
CG16-63-24 0.0536 0.0013 0.04976 0.0015 0.3621 0.016 354.3 54.8 313.0 9.2 313.8 11.9
CG16-63-25 0.05192 0.00096 0.05136 0.0015 0.3639 0.015 281.9 42.3 322.9 9.2 315.1 11.1
CG16-63-26 0.0524 0.0012 0.05178 0.0015 0.3691 0.016 302.9 52.2 325.4 9.2 319.0 11.8
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Analysis Name 207Pb/206Pb Err 2σ 206Pb/238U Err 2σ 207Pb/235U Err 2σ 207Pb/206Pb Age Err 2σ 206Pb/238U Age Err 2σ 207Pb/235U Age Err 2σ
DH952_665m_16 0.0574 0.0015 0.04755 0.0021 0.368 0.016 506.9 57.5 299.5 12.9 318.2 11.8
DH952_665m_10 0.0581 0.0018 0.05604 0.0024 0.436 0.019 533.5 67.8 351.5 14.6 367.4 13.3
DH952_665m_13 0.0553 0.0013 0.05395 0.0023 0.397 0.017 424.4 52.4 338.7 14.1 339.5 12.3
DH952_665m_5 0.05101 0.0011 0.05175 0.0022 0.3916 0.015 241.3 49.7 325.3 13.5 335.5 10.9
DH952_665m_4 0.0506 0.0013 0.05133 0.0022 0.3839 0.016 222.6 59.4 322.7 13.5 329.9 11.7
DH952_665m_6 0.05102 0.0011 0.05102 0.0022 0.3904 0.016 241.7 49.7 320.8 13.5 334.7 11.6
DH952_665m_3 0.0502 0.0013 0.05077 0.0022 0.39 0.016 204.3 60.1 319.2 13.5 334.4 11.6
DH952_665m_2 0.051 0.0013 0.05042 0.0022 0.3822 0.016 240.8 58.8 317.1 13.5 328.7 11.7
DH952_665m_12 0.0547 0.0014 0.0504 0.0021 0.3697 0.015 400.0 57.3 317.0 12.9 319.4 11.1
DH952_665m_11 0.0559 0.0015 0.04999 0.0021 0.3722 0.015 448.4 59.6 314.5 12.9 321.3 11.0
DH952_665m_19 0.0699 0.0024 0.05052 0.0021 0.48 0.021 925.4 70.5 317.7 12.9 398.1 14.3
DH952_665m_17 0.0545 0.0014 0.04874 0.0021 0.3584 0.014 391.8 57.6 306.8 12.9 311.0 10.4
DH952_665m_15 0.0547 0.0017 0.04866 0.0021 0.351 0.016 400.0 69.6 306.3 12.9 305.5 12.0
DH952_665m_8 0.0536 0.0012 0.05301 0.0022 0.4102 0.016 354.3 50.6 333.0 13.5 349.0 11.5
DH952_665m_9 0.0518 0.0015 0.05241 0.0022 0.3845 0.016 276.6 66.3 329.3 13.5 330.3 11.7
DH952_665m_1 0.0523 0.0015 0.05156 0.0022 0.417 0.018 298.5 65.4 324.1 13.5 353.9 12.8
DH952_665m_18 0.0529 0.0012 0.04967 0.0021 0.3556 0.014 324.5 51.5 312.5 12.9 308.9 10.4
DH952_665m_14 0.054 0.0015 0.04952 0.0021 0.3597 0.015 371.0 62.6 311.6 12.9 312.0 11.1
DH952_665m_7 0.052 0.0012 0.04828 0.002 0.3616 0.014 285.4 52.8 304.0 12.3 313.4 10.4
Analysis Name 207Pb/206Pb Err 2σ 206Pb/238U Err 2σ 207Pb/235U Err 2σ 207Pb/206Pb Age Err 2σ 206Pb/238U Age Err 2σ 207Pb/235U Age Err 2σ
CG16_57_14 0.0857 0.0065 0.04919 0.0018 0.575 0.046 1331.4 146.7 309.5 11.1 461.2 29.2
CG16_57_18 0.0987 0.0056 0.04089 0.0016 0.55 0.034 1599.7 105.9 258.3 9.9 445.0 22.0
CG16_57_6 0.09672 0.0047 0.2383 0.0087 3.176 0.18 1561.8 91.1 1377.9 45.1 1451.3 42.8
CG16_57_16 0.0585 0.003 0.0542 0.002 0.431 0.027 548.5 112.0 340.3 12.2 363.9 19.0
CG16_57_4 0.075 0.0057 0.0539 0.0022 0.559 0.044 1068.5 152.8 338.4 13.4 450.9 28.3
CG16_57_11 0.0567 0.0029 0.04744 0.0017 0.3716 0.023 479.9 113.0 298.8 10.5 320.8 16.9
CG16_57_20 0.0554 0.0029 0.05301 0.0019 0.402 0.024 428.4 116.7 333.0 11.6 343.1 17.2
CG16_57_1 0.0637 0.0033 0.04886 0.0018 0.4336 0.026 731.7 109.8 307.5 11.1 365.7 18.3
CG16_57_8 0.0593 0.0031 0.04855 0.0018 0.3938 0.024 578.1 113.6 305.6 11.1 337.1 17.3
CG16_57_10 0.0601 0.0035 0.05196 0.0019 0.435 0.028 607.2 125.9 326.5 11.6 366.7 19.6
CG16_57_5 0.0578 0.0031 0.05087 0.0018 0.407 0.025 522.2 117.7 319.9 11.0 346.7 17.9
CG16_57_2 0.0642 0.0044 0.04967 0.0019 0.449 0.033 748.2 144.8 312.5 11.7 376.6 22.9
CG16_57_3 0.0604 0.0032 0.04926 0.0018 0.413 0.026 617.9 114.4 310.0 11.0 351.0 18.5
CG16_57_7 0.0552 0.0029 0.04883 0.0018 0.3702 0.023 420.3 117.3 307.3 11.1 319.8 16.9
CG16_57_12 0.0562 0.003 0.04904 0.0018 0.379 0.024 460.3 118.4 308.6 11.1 326.3 17.5
CG16_57_9 0.056 0.0029 0.05002 0.0018 0.3865 0.023 452.4 115.0 314.6 11.0 331.8 16.7
CG16_57_15 0.0544 0.0029 0.0501 0.0018 0.3775 0.023 387.6 119.7 315.1 11.0 325.2 16.8
CG16_57_13 0.0535 0.0028 0.05046 0.0018 0.3734 0.023 350.1 118.3 317.3 11.0 322.2 16.9
CG16_57_19 0.05322 0.0027 0.05134 0.0018 0.3776 0.022 338.2 114.9 322.7 11.0 325.3 16.1
CG16_57_17 0.0556 0.0032 0.05156 0.0019 0.395 0.025 436.4 128.1 324.1 11.6 338.0 18.0
261
Analysis Name 207Pb/206Pb Err 2σ 206Pb/238U Err 2σ 207Pb/235U Err 2σ 207Pb/206Pb Age Err 2σ 206Pb/238U Age Err 2σ 207Pb/235U Age Err 2σ
DH995_583m_18 0.0625 0.0033 0.04895 0.0018 0.431 0.031 691.3 112.6 308.1 11.1 363.9 21.8
DH995_583m_15 0.0671 0.0032 0.0648 0.0034 0.628 0.055 840.9 99.3 404.8 20.6 494.8 33.7
DH995_583m_3 0.053 0.002 0.04739 0.0017 0.3453 0.02 328.8 85.6 298.5 10.5 301.2 15.0
DH995_583m_12 0.05484 0.0021 0.06054 0.0022 0.4625 0.027 405.7 85.7 378.9 13.4 386.0 18.6
DH995_583m_13 0.0569 0.0022 0.06773 0.0025 0.536 0.032 487.7 85.3 422.5 15.1 435.8 20.9
DH995_583m_16 0.05961 0.0022 0.1023 0.0038 0.836 0.048 589.4 80.0 627.9 22.2 616.9 26.2
DH995_583m_19 0.0554 0.0022 0.04988 0.0018 0.3843 0.022 428.4 88.5 313.8 11.0 330.2 16.0
DH995_583m_19 0.0554 0.0022 0.04988 0.0018 0.3843 0.022 428.4 88.5 313.8 11.0 330.2 16.0
DH995_583m_1 0.055 0.0024 0.04863 0.0018 0.368 0.022 412.2 97.6 306.1 11.1 318.2 16.2
DH995_583m_20 0.0548 0.0024 0.0502 0.0018 0.3836 0.023 404.1 98.1 315.7 11.0 329.7 16.7
DH995_583m_7 0.0543 0.0023 0.05043 0.0018 0.379 0.023 383.5 95.2 317.2 11.0 326.3 16.8
DH995_583m_6 0.0526 0.0021 0.05044 0.0018 0.3657 0.021 311.6 90.9 317.2 11.0 316.5 15.5
DH995_583m_10 0.05252 0.002 0.05052 0.0018 0.3715 0.021 308.1 86.7 317.7 11.0 320.8 15.4
DH995_583m_14 0.0546 0.0022 0.05084 0.0018 0.3868 0.022 395.9 90.3 319.7 11.0 332.0 16.0
DH995_583m_4 0.0541 0.0022 0.05081 0.0018 0.3787 0.022 375.2 91.5 319.5 11.0 326.1 16.1
DH995_583m_5 0.05467 0.002 0.05087 0.0018 0.3852 0.022 398.8 82.0 319.9 11.0 330.9 16.0
DH995_583m_9 0.05306 0.002 0.05083 0.0018 0.3729 0.021 331.4 85.5 319.6 11.0 321.8 15.4
DH995_583m_8 0.05312 0.0021 0.05145 0.0018 0.3798 0.022 333.9 89.6 323.4 11.0 326.9 16.1
DH995_583m_17 0.0538 0.0023 0.05219 0.0019 0.3963 0.024 362.7 96.4 328.0 11.6 339.0 17.3
DH995_583m_11 0.0545 0.0022 0.05256 0.0019 0.4006 0.023 391.8 90.6 330.2 11.6 342.1 16.5
DH995_583m_2 0.05294 0.002 0.05306 0.0019 0.3861 0.022 326.2 85.8 333.3 11.6 331.5 16.0
Analysis Name 207Pb/206Pb Err 2σ 206Pb/238U Err 2σ 207Pb/235U Err 2σ 207Pb/206Pb Age Err 2σ 206Pb/238U Age Err 2σ 207Pb/235U Age Err 2σ
X949_562m_3 0.0572 0.0029 0.04821 0.0018 0.3819 0.023 499.3 111.7 303.5 11.1 328.4 16.8
X949_562m_9 0.0539 0.0028 0.05272 0.0019 0.3901 0.024 366.9 117.1 331.2 11.6 334.4 17.4
X949_562m_18 0.0522 0.0028 0.05277 0.0019 0.3833 0.024 294.2 122.5 331.5 11.6 329.5 17.5
X949_562m_20 0.05323 0.0027 0.05327 0.0019 0.3959 0.024 338.6 114.9 334.6 11.6 338.7 17.3
X949_562m_11 0.0548 0.0035 0.05387 0.0021 0.404 0.028 404.1 143.0 338.2 12.8 344.5 20.1
X949_562m_19 0.0514 0.0027 0.05369 0.002 0.3844 0.024 258.8 120.7 337.1 12.2 330.3 17.5
X949_562m_8 0.0539 0.0036 0.05449 0.0021 0.404 0.03 366.9 150.5 342.0 12.8 344.5 21.5
X949_562m_6 0.0745 0.0043 0.05063 0.0018 0.519 0.034 1055.0 116.2 318.4 11.0 424.5 22.5
X949_562m_4 0.0531 0.0028 0.04875 0.0018 0.3587 0.022 333.1 119.6 306.8 11.1 311.2 16.3
X949_562m_1 0.05291 0.0027 0.04968 0.0018 0.3586 0.021 324.9 115.9 312.6 11.0 311.2 15.6
X949_562m_17 0.0548 0.0028 0.04988 0.0018 0.3763 0.022 404.1 114.4 313.8 11.0 324.3 16.1
X949_562m_2 0.05352 0.0027 0.05016 0.0018 0.3689 0.022 350.9 114.0 315.5 11.0 318.8 16.2
X949_562m_10 0.0552 0.0029 0.05071 0.0018 0.3811 0.024 420.3 117.3 318.9 11.0 327.8 17.5
X949_562m_14 0.0531 0.0028 0.05058 0.0018 0.3692 0.022 333.1 119.6 318.1 11.0 319.1 16.2
X949_562m_13 0.05366 0.0027 0.05084 0.0019 0.3736 0.023 356.8 113.6 319.7 11.6 322.3 16.9
X949_562m_15 0.0542 0.003 0.05093 0.0019 0.38 0.024 379.4 124.5 320.2 11.6 327.0 17.5
X949_562m_5 0.0531 0.0029 0.05117 0.0019 0.3757 0.023 333.1 123.8 321.7 11.6 323.9 16.8
X949_562m_7 0.0555 0.0031 0.05151 0.0019 0.391 0.025 432.4 124.4 323.8 11.6 335.1 18.1
X949_562m_16 0.052 0.0027 0.05245 0.0019 0.373 0.022 285.4 118.7 329.5 11.6 321.9 16.1
X949_562m_12 0.0536 0.0028 0.05257 0.002 0.3866 0.024 354.3 118.0 330.3 12.2 331.9 17.4
262
Analysis Name 207Pb/206Pb Err 2σ 206Pb/238U Err 2σ 207Pb/235U Err 2σ 207Pb/206Pb Age Err 2σ 206Pb/238U Age Err 2σ 207Pb/235U Age Err 2σ
Ruddygore (GPS202)-1 0.0525 0.0024 0.04245 0.0013 0.308 0.018 307.2 104.1 268.0 8.0 272.6 13.9
Ruddygore (GPS202)-2 0.0581 0.0043 0.0421 0.0015 0.336 0.027 533.5 162.0 265.8 9.3 294.1 20.3
Ruddygore (GPS202)-3 0.0573 0.002 0.05216 0.0023 0.414 0.026 503.1 76.8 327.8 14.1 351.8 18.5
Ruddygore (GPS202)-4 0.0556 0.0016 0.05102 0.0023 0.394 0.023 436.4 64.1 320.8 14.1 337.3 16.6
Ruddygore (GPS202)-5 0.0569 0.0022 0.05108 0.0023 0.401 0.025 487.7 85.3 321.1 14.1 342.4 18.0
Ruddygore (GPS202)-6 0.0553 0.0027 0.04756 0.0015 0.36 0.022 424.4 108.9 299.5 9.2 312.2 16.3
Ruddygore (GPS202)-7 0.0562 0.0014 0.04733 0.0021 0.3686 0.021 460.3 55.2 298.1 12.9 318.6 15.5
Ruddygore (GPS202)-8 0.0586 0.0017 0.04726 0.0021 0.382 0.022 552.3 63.3 297.7 12.9 328.5 16.0
Ruddygore (GPS202)-9 0.0566 0.0016 0.04697 0.0014 0.3643 0.017 476.0 62.5 295.9 8.6 315.4 12.6
Ruddygore (GPS202)-10 0.0537 0.0013 0.04633 0.0014 0.3425 0.015 358.5 54.6 292.0 8.6 299.1 11.3
Ruddygore (GPS202)-11 0.053 0.0018 0.04512 0.0013 0.329 0.017 328.8 77.1 284.5 8.0 288.8 12.9
Ruddygore (GPS202)-12 0.053 0.0019 0.04579 0.0014 0.332 0.017 328.8 81.3 288.6 8.6 291.1 12.9
Ruddygore (GPS202)-13 0.0523 0.0015 0.046 0.0021 0.3333 0.019 298.5 65.4 289.9 12.9 292.1 14.4
Ruddygore (GPS202)-14 0.0536 0.0023 0.04689 0.0015 0.344 0.019 354.3 96.9 295.4 9.2 300.2 14.3
Ruddygore (GPS202)-15 0.0528 0.0029 0.04685 0.0016 0.335 0.021 320.2 124.8 295.2 9.8 293.4 15.8
Ruddygore (GPS202)-16 0.05289 0.0011 0.04691 0.0021 0.344 0.019 324.1 47.2 295.5 12.9 300.2 14.3
Ruddygore (GPS202)-17 0.0515 0.0015 0.04853 0.0015 0.343 0.017 263.3 66.9 305.5 9.2 299.4 12.8
Ruddygore (GPS202)-18 0.0528 0.0016 0.04867 0.0022 0.356 0.021 320.2 68.9 306.4 13.5 309.2 15.6
Ruddygore (GPS202)-19 0.052 0.0013 0.04866 0.0022 0.351 0.02 285.4 57.2 306.3 13.5 305.5 14.9
Ruddygore (GPS202)-20 0.0534 0.0017 0.04941 0.0022 0.364 0.022 345.8 72.0 310.9 13.5 315.2 16.2
Ruddygore (GPS202)-21 0.0532 0.002 0.04975 0.0022 0.368 0.023 337.3 85.2 313.0 13.5 318.2 16.9
Ruddygore (GPS202)-22 0.0526 0.0017 0.05015 0.0022 0.3637 0.021 311.6 73.6 315.4 13.5 315.0 15.5
Ruddygore (GPS202)-23 0.0538 0.0016 0.05032 0.0022 0.3732 0.022 362.7 67.1 316.5 13.5 322.0 16.1
Ruddygore (GPS202)-24 0.0545 0.0022 0.05064 0.0023 0.384 0.026 391.8 90.6 318.4 14.1 330.0 18.9
Ruddygore (GPS202)-25 0.0527 0.0013 0.05053 0.0023 0.369 0.021 315.9 56.1 317.8 14.1 318.9 15.5
Ruddygore (GPS202)-26 0.0536 0.0022 0.05099 0.0023 0.379 0.025 354.3 92.7 320.6 14.1 326.3 18.2
Ruddygore (GPS202)-27 0.0522 0.0015 0.05103 0.0023 0.3677 0.021 294.2 65.6 320.8 14.1 317.9 15.5
Ruddygore (GPS202)-28 0.0521 0.0018 0.05299 0.0025 0.382 0.024 289.8 78.9 332.9 15.3 328.5 17.5
Ruddygore (GPS202)-29 0.0545 0.0022 0.05346 0.0025 0.404 0.026 391.8 90.6 335.7 15.3 344.5 18.6
263
Analysis Name 207Pb/206Pb Err 2σ 206Pb/238U Err 2σ 207Pb/235U Err 2σ 207Pb/206Pb Age Err 2σ 206Pb/238U Age Err 2σ 207Pb/235U Age Err 2σ
GPS 208(Ruddygore)-1 0.059 0.0029 0.04308 0.0014 0.347 0.02 567.1 107.0 271.9 8.6 302.5 15.0
GPS 208(Ruddygore)-2 0.10818 0.0018 0.2598 0.012 3.871 0.21 1769.0 30.4 1488.8 61.1 1607.7 42.9
GPS 208(Ruddygore)-3 0.0549 0.0015 0.05283 0.0024 0.4 0.023 408.2 61.1 331.9 14.7 341.6 16.5
GPS 208(Ruddygore)-4 0.05509 0.0011 0.05113 0.0023 0.388 0.021 415.9 44.6 321.5 14.1 332.9 15.2
GPS 208(Ruddygore)-5 0.0496 0.0025 0.04943 0.0016 0.339 0.022 176.3 117.6 311.0 9.8 296.4 16.5
GPS 208(Ruddygore)-6 0.0539 0.0013 0.04903 0.0022 0.3652 0.02 366.9 54.4 308.6 13.5 316.1 14.8
GPS 208(Ruddygore)-7 0.0567 0.0022 0.04882 0.0023 0.387 0.025 479.9 85.7 307.3 14.1 332.2 18.1
GPS 208(Ruddygore)-8 0.0595 0.0013 0.04892 0.0022 0.4 0.022 585.4 47.4 307.9 13.5 341.6 15.8
GPS 208(Ruddygore)-9 0.0544 0.0019 0.04782 0.0016 0.359 0.018 387.6 78.4 301.1 9.8 311.5 13.4
GPS 208(Ruddygore)-10 0.0552 0.0013 0.04762 0.0021 0.3614 0.02 420.3 52.6 299.9 12.9 313.3 14.8
GPS 208(Ruddygore)-11 0.0545 0.0019 0.04638 0.0015 0.349 0.018 391.8 78.2 292.3 9.2 304.0 13.5
GPS 208(Ruddygore)-12 0.0581 0.0024 0.04553 0.0015 0.365 0.02 533.5 90.4 287.0 9.2 315.9 14.8
GPS 208(Ruddygore)-13 0.0578 0.0022 0.04451 0.0014 0.356 0.019 522.2 83.5 280.7 8.6 309.2 14.1
GPS 208(Ruddygore)-14 0.0495 0.003 0.0439 0.0019 0.303 0.022 171.6 141.5 277.0 11.7 268.7 17.0
GPS 208(Ruddygore)-15 0.0517 0.0025 0.04443 0.0015 0.318 0.02 272.2 110.8 280.2 9.3 280.4 15.3
GPS 208(Ruddygore)-16 0.0539 0.002 0.04511 0.0014 0.337 0.017 366.9 83.6 284.4 8.6 294.9 12.8
GPS 208(Ruddygore)-17 0.0525 0.0026 0.04683 0.0015 0.338 0.021 307.2 112.8 295.0 9.2 295.7 15.8
GPS 208(Ruddygore)-18 0.0529 0.0017 0.04748 0.0021 0.3464 0.02 324.5 73.0 299.0 12.9 302.0 15.0
GPS 208(Ruddygore)-19 0.053 0.0015 0.04778 0.0022 0.3496 0.021 328.8 64.2 300.9 13.5 304.4 15.7
GPS 208(Ruddygore)-20 0.0523 0.002 0.04836 0.0023 0.351 0.022 298.5 87.2 304.4 14.1 305.5 16.4
GPS 208(Ruddygore)-21 0.0544 0.0028 0.04849 0.0023 0.366 0.026 387.6 115.6 305.2 14.1 316.7 19.1
GPS 208(Ruddygore)-22 0.0531 0.0022 0.04872 0.0022 0.357 0.022 333.1 93.9 306.7 13.5 310.0 16.3
GPS 208(Ruddygore)-23 0.0516 0.0017 0.04893 0.0022 0.347 0.021 267.7 75.6 307.9 13.5 302.5 15.7
GPS 208(Ruddygore)-24 0.05221 0.0012 0.04965 0.0022 0.3595 0.02 294.6 52.5 312.4 13.5 311.8 14.8
GPS 208(Ruddygore)-25 0.0537 0.002 0.04995 0.0023 0.37 0.023 358.5 84.1 314.2 14.1 319.7 16.9
GPS 208(Ruddygore)-26 0.05242 0.0012 0.05083 0.0022 0.3649 0.02 303.8 52.2 319.6 13.5 315.9 14.8
GPS 208(Ruddygore)-27 0.0522 0.0012 0.05092 0.0023 0.366 0.02 294.2 52.5 320.2 14.1 316.7 14.8
GPS 208(Ruddygore)-28 0.0536 0.0015 0.05139 0.0023 0.377 0.022 354.3 63.2 323.0 14.1 324.8 16.1
GPS 208(Ruddygore)-29 0.0521 0.0018 0.05334 0.0025 0.386 0.023 289.8 78.9 335.0 15.3 331.4 16.7
GPS 208(Ruddygore)-30 0.0519 0.0022 0.05334 0.0017 0.382 0.021 281.0 97.0 335.0 10.4 328.5 15.3
264
Analysis Name 207Pb/206Pb Err 2σ 206Pb/238U Err 2σ 207Pb/206Pb Err 2σ 206Pb/238U Age Err 2σ
CG17-312-1 0.052955 0.001244 0.048948 0.00112 326.9 53.3 308.1 6.9
CG17-312-2 0.053309 0.001476 0.04907 0.001324 342.0 62.7 308.8 8.1
CG17-312-3 0.051858 0.00303 0.049286 0.001398 279.2 133.8 310.1 8.6
CG17-312-4 0.053124 0.001212 0.049446 0.00131 334.1 51.7 311.1 8.0
CG17-312-5 0.054816 0.002752 0.049748 0.00132 404.7 112.4 313.0 8.1
CG17-312-6 0.053564 0.001762 0.049728 0.001172 352.8 74.3 312.9 7.2
CG17-312-7 0.051845 0.00103 0.049657 0.001182 278.6 45.5 312.4 7.3
CG17-312-8 0.053097 0.00236 0.049779 0.001236 332.9 100.8 313.2 7.6
CG17-312-9 0.05287 0.001242 0.049974 0.001188 323.2 53.4 314.4 7.3
CG17-312-10 0.05038 0.002778 0.04988 0.001288 212.6 127.8 313.8 7.9
CG17-312-11 0.053053 0.002362 0.050068 0.001442 331.1 101.0 314.9 8.8
CG17-312-12 0.05409 0.001282 0.050364 0.001222 374.8 53.3 316.8 7.5
CG17-312-13 0.05251 0.001036 0.050449 0.001218 307.7 44.9 317.3 7.5
CG17-312-14 0.053763 0.00242 0.050999 0.001262 361.1 101.5 320.7 7.7
CG17-312-15 0.054095 0.001272 0.051362 0.001372 375.0 52.9 322.9 8.4
265
Appendix 4.1: Whole Rock Geochemistry
Wgt SiO2 Al2O3 FeO Fe2O3 MgO CaO Na2O K2O TiO2
KG % % % % % % % % %
0.01 0.01 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01
Sample Name Rock Type WGHT LF200 LF200 GC806 LF200 LF200 LF200 LF200 LF200 LF200
KVD67 640 King Vol Basalt 0.16 45.41 15.31 7.49 2.86 9.98 9.44 2.21 1.03 1.64
KVD67 645.5 King Vol Basalt 0.18 42.21 16.48 10.23 2.56 10.55 7.61 1.81 1.9 2.34
KVD67 658 King Vol Basalt 0.19 46.03 15.02 7.34 1.8 10.91 8.51 1.6 3.61 1.75
KVD67 668 King Vol Basalt 0.24 45.89 15.06 8.27 1.48 11.16 6.95 1.8 3.99 2.02
KVD67 668 King Vol Basalt 0.24 45.89 15.06 8.27 1.48 11.16 6.95 1.8 3.99 2.02
CG16-20 limestone 0.17 0.7 0.12 N.A. N.A. 0.43 54.82 <0.01 0.03 0.02
Duplicate
KVD67 645.5 King Vol Basalt 0.18 42.21 16.48 10.23 2.56 10.55 7.61 1.81 1.9 2.34
P2O5 MnO Cr2O3 LOI TOT/C TOT/S Sum Ba Sc Cs
% % % % % % % PPM PPM PPM
0.01 0.01 0.002 -5.11 0.01 0.01 0.01 1 1 0.1
Sample Name Rock Type LF200 LF200 LF200 TG001 TC000 TC000 LF200 LF200 LF200 LF200
KVD67 640 King Vol Basalt 0.19 0.13 0.055 3.9 0.09 0.01 99.72 28 31 7.5
KVD67 645.5 King Vol Basalt 0.13 0.12 0.052 3.7 0.02 <0.01 99.7 42 35 33.4
KVD67 658 King Vol Basalt 0.21 0.09 0.048 2.8 0.09 <0.01 99.69 37 28 53.9
KVD67 668 King Vol Basalt 0.27 0.1 0.051 2.6 0.05 0.01 99.69 70 34 52
KVD67 668 King Vol Basalt 0.27 0.1 0.051 2.6 0.05 0.01 99.69 70 34 52
CG16-20 limestone <0.01 0.02 <0.002 43.6 12.29 <0.01 99.93 15 <1 0.2
Duplicate
KVD67 645.5 King Vol Basalt 0.13 0.12 0.052 3.7 0.02 <0.01 99.7 42 35 33.4
Rb Sn Sr Ta Th U V W Zr Y
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM
0.1 1 0.5 0.1 0.2 0.1 8 0.5 0.1 0.1
Sample Name Rock Type LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200
KVD67 640 King Vol Basalt 96.5 2 318 0.5 <0.2 <0.1 252 3 84.7 21.8
KVD67 645.5 King Vol Basalt 223.7 1 257.7 0.3 <0.2 <0.1 289 3.3 90.7 25.4
KVD67 658 King Vol Basalt 500.2 1 319.1 0.6 <0.2 <0.1 257 2.8 90.5 20.8
KVD67 668 King Vol Basalt 475.5 2 285.3 0.6 0.3 <0.1 301 3.5 108.7 25
KVD67 668 King Vol Basalt 475.5 2 285.3 0.6 0.3 <0.1 301 3.5 108.7 25
CG16-20 limestone 1.3 <1 391.4 <0.1 <0.2 1.1 19 <0.5 3.3 2.9
Duplicate
KVD67 645.5 King Vol Basalt 223.7 1 257.7 0.3 <0.2 <0.1 289 3.3 90.7 25.4
La Ce Pr Nd Sm Eu Gd Tb Dy Ho
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM
0.1 0.1 0.02 0.3 0.05 0.02 0.05 0.01 0.05 0.02
Sample Name Rock Type LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200 LF200
KVD67 640 King Vol Basalt 5.4 15.1 2.48 12.2 3.5 1.1 4.33 0.72 4.11 0.92
KVD67 645.5 King Vol Basalt 4.3 12.4 2.32 12.4 4.06 1.14 5.01 0.92 4.99 1.15
KVD67 658 King Vol Basalt 11.7 26.9 3.96 18.1 4.23 1.48 4.77 0.77 4.24 0.93
KVD67 668 King Vol Basalt 6.8 19.8 3.12 15.8 4.44 1.32 5.39 0.87 5.07 1.05
KVD67 668 King Vol Basalt 6.8 19.8 3.12 15.8 4.44 1.32 5.39 0.87 5.07 1.05
CG16-20 limestone 2.2 1.3 0.19 1 0.18 0.06 0.21 0.04 0.27 0.06
Duplicate
KVD67 645.5 King Vol Basalt 4.3 12.4 2.32 12.4 4.06 1.14 5.01 0.92 4.99 1.15
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Er Tm Yb Lu Ni Ga Hf Nb Mo Cu
PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM
0.03 0.01 0.05 0.01 10 0.5 0.1 0.1 0.01 0.01
Sample Name Rock Type LF200 LF200 LF200 LF200 MA370 LF200 LF200 LF200 AQ252 AQ252
KVD67 640 King Vol Basalt 2.51 0.37 2.34 0.36 193 16.9 2.2 8.7 0.41 1.37
KVD67 645.5 King Vol Basalt 3.14 0.45 2.71 0.4 208 17.5 2.5 5.3 0.06 9.24
KVD67 658 King Vol Basalt 2.59 0.37 2.28 0.35 190 15.9 2.2 9.7 0.17 2.59
KVD67 668 King Vol Basalt 3.05 0.41 2.5 0.37 182 15.1 2.8 11.5 0.33 2.6
KVD67 668 King Vol Basalt 3.05 0.41 2.5 0.37 182 15.1 2.8 11.5 0.33 2.6
CG16-20 limestone 0.16 0.01 0.16 0.02 <10 <0.5 <0.1 0.1 0.03 8.77
Duplicate
KVD67 645.5 King Vol Basalt 3.14 0.45 2.71 0.4 208 17.5 2.5 5.3 0.06 9.24
Pb Zn Ag Ni Co Mn As Au Cd Sb
PPM PPM PPB PPM PPM PPM PPM PPB PPM PPM
0.01 0.1 2 0.1 0.1 1 0.1 0.2 0.01 0.02
Sample Name Rock Type AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252
KVD67 640 King Vol Basalt 2 70.8 26 162.2 42.4 548 202.6 0.2 0.11 2.44
KVD67 645.5 King Vol Basalt 3.28 130.2 46 169.2 22.7 615 51.4 0.3 0.05 1.59
KVD67 658 King Vol Basalt 3.91 128.3 11 154.1 21 281 37.8 1.6 0.05 1.97
KVD67 668 King Vol Basalt 1.56 120.5 21 147.8 20.4 445 78.4 2.7 0.06 1.88
KVD67 668 King Vol Basalt 1.56 120.5 21 147.8 20.4 445 78.4 2.7 0.06 1.88
CG16-20 limestone 14.83 32.4 93 0.5 0.4 110 2.9 0.4 0.77 1.42
Duplicate
KVD67 645.5 King Vol Basalt 3.28 130.2 46 169.2 22.7 615 51.4 0.3 0.05 1.59
Bi Cr B Tl Hg Se Te Ge In Re
PPM PPM PPM PPM PPB PPM PPM PPM PPM PPB
0.02 0.5 1 0.02 5 0.1 0.02 0.1 0.02 1
Sample Name Rock Type AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252 AQ252
KVD67 640 King Vol Basalt <0.02 249.6 3 0.69 <5 <0.1 <0.02 0.2 <0.02 <1
KVD67 645.5 King Vol Basalt <0.02 271.5 5 4.23 <5 <0.1 <0.02 0.2 <0.02 <1
KVD67 658 King Vol Basalt <0.02 194.2 3 8.27 <5 <0.1 <0.02 0.2 <0.02 <1
KVD67 668 King Vol Basalt <0.02 265.4 5 6.62 <5 <0.1 <0.02 0.1 <0.02 1
KVD67 668 King Vol Basalt <0.02 265.4 5 6.62 <5 <0.1 <0.02 0.1 <0.02 1
CG16-20 limestone <0.02 1.8 <1 <0.02 64 <0.1 <0.02 <0.1 <0.02 <1
Duplicate
KVD67 645.5 King Vol Basalt <0.02 271.5 5 4.23 <5 <0.1 <0.02 0.2 <0.02 <1
Be Li Pd Pt
PPM PPM PPB PPB
0.1 0.1 10 2
Sample Name Rock Type AQ252 AQ252 AQ252 AQ252
KVD67 640 King Vol Basalt 0.3 74.5 <10 4
KVD67 645.5 King Vol Basalt 0.3 59.4 <10 2
KVD67 658 King Vol Basalt 0.2 38.8 <10 3
KVD67 668 King Vol Basalt 0.2 91.9 <10 3
KVD67 668 King Vol Basalt 0.2 91.9 <10 3
CG16-20 limestone <0.1 0.3 <10 <2
Duplicate
KVD67 645.5 King Vol Basalt 0.3 59.4 <10 2
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Appendix 4.2: Garnet Compositions by Microprobe
Analysis Name KVD67 812m sp1gt KVD67 812m sp1gt KVD67 812m sp1gt KVD67 812m sp1gt KVD67 812m sp1gt KVD67 812m sp1gt KVD67 812m sp1gt KVD67 812m sp1gt 
SiO2 36.2 36.1 36.2 36.1 35.7 35.5 35.8 35.3
TiO2 0.2 0.0 0.1 0.0 0.1 0.0 0.0 0.0
Al2O3 6.9 5.1 4.8 4.6 2.8 1.8 1.5 0.6
Fe2O3 21.8 24.2 24.2 24.6 27.2 28.7 29.8 28.6
MnO  0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO  0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.1
CaO  35.3 34.8 35.1 35.0 34.5 34.6 33.8 33.6
Na2O  0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0
K2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.6 100.5 100.6 100.5 100.7 100.7 101.3 98.4
Fe2O3
1 21.8 24.2 24.2 24.6 27.2 28.7 29.8 28.6
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.6 100.5 100.6 100.5 100.7 100.7 101.3 98.4
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.95 2.97 2.97 2.97 2.96 2.96 2.97 3.02
C Site Al4+ 0.05 0.03 0.03 0.03 0.04 0.04 0.03 0.00
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.02
B Site Al4+ 0.60 0.46 0.43 0.41 0.24 0.14 0.12 0.06
B Site Ti4+ 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00
B Site Fe3+ 1.34 1.50 1.50 1.52 1.70 1.80 1.86 1.84
B Site Sum 1.95 1.95 1.94 1.94 1.95 1.94 1.98 1.90
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
A Site Mg+ 0.01 0.01 0.01 0.02 0.02 0.01 0.03 0.02
A site Ca2+ 3.07 3.06 3.08 3.08 3.07 3.09 3.00 3.08
A site Sum 3.10 3.08 3.11 3.11 3.09 3.10 3.04 3.11
Total Cation Sum 8.04 8.03 8.04 8.04 8.04 8.04 8.02 8.03
End Members (%)
Andradite 68.8 76.7 77.5 78.6 87.6 92.6 94.0 96.8
Grossular 31.2 23.3 22.5 21.4 12.4 7.4 6.0 3.2
Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name KVD67 812m sp1gt KVD67 812m sp1gt KVD67 967m sp1gt KVD67 967m sp1gt KVD67 967m sp1gt KVD67 967m sp1gt KVD67 967m sp1gt KVD67 967m sp1gt 
SiO2 35.3 35.1 35.4 35.2 34.9 34.8 34.6 35.0
TiO2 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0
Al2O3 0.4 0.1 1.2 1.2 0.1 0.1 0.0 0.0
Fe2O3 30.5 30.7 28.6 29.1 30.0 30.1 30.5 31.0
MnO  0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO  0.3 0.1 0.1 0.1 0.2 0.2 0.2 0.1
CaO  33.6 34.1 34.2 34.1 33.6 33.4 33.4 33.7
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.3 100.2 99.8 99.7 99.1 98.7 98.8 99.9
Fe2O3
1 30.5 30.7 28.6 29.1 30.0 30.1 30.5 31.0
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.3 100.2 99.8 99.7 99.1 98.7 98.8 99.9
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.98 2.97 2.99 2.97 2.98 2.98 2.97 2.97
C Site Al4+ 0.02 0.03 0.01 0.03 0.02 0.02 0.03 0.03
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.02 0.00 0.11 0.09 0.00 0.00 0.00 0.00
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.93 1.95 1.82 1.85 1.93 1.94 1.97 1.98
B Site Sum 1.95 1.95 1.93 1.94 1.93 1.95 1.97 1.98
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
A Site Mg+ 0.04 0.02 0.01 0.01 0.02 0.02 0.02 0.02
A site Ca2+ 3.03 3.09 3.09 3.08 3.08 3.07 3.07 3.06
A site Sum 3.08 3.11 3.11 3.10 3.11 3.10 3.10 3.09
Total Cation Sum 8.03 8.07 8.04 8.04 8.04 8.04 8.07 8.07
End Members (%)
Andradite 99.0 100.0 94.4 95.4 100.0 100.0 100.0 100.0
Grossular 1.0 0.0 5.6 4.6 0.0 0.0 0.0 0.0
Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name KVD67 967m sp1gt KVD67 967m sp1gt KVD67 967m sp1gt KVD67 967m sp1gt KVD72 416m sp2gt KVD72 416m sp2gt KVD72 416m sp2gt KVD72 416m sp2gt 
SiO2 34.7 35.1 34.9 34.9 35.5 35.3 35.3 34.5
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
Al2O3 0.0 0.0 0.0 0.0 8.6 7.8 7.7 5.8
Fe2O3 30.6 31.0 30.8 30.6 19.3 20.4 20.4 22.2
MnO  0.2 0.1 0.1 0.1 0.5 0.4 0.4 0.3
MgO  0.1 0.2 0.2 0.2 0.0 0.1 0.0 0.0
CaO  33.6 33.6 33.7 33.8 35.5 35.0 35.4 34.5
Na2O  0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
K2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 99.2 100.1 99.7 99.7 99.4 98.9 99.2 97.4
Fe2O3
1 30.6 31.0 30.8 30.6 19.3 20.4 20.4 22.2
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 99.2 100.1 99.7 99.7 99.4 98.9 99.2 97.4
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.96 2.98 2.96 2.97 2.91 2.91 2.91 2.92
C Site Al4+ 0.04 0.02 0.04 0.03 0.09 0.09 0.09 0.08
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.00 0.00 0.00 0.00 0.74 0.67 0.66 0.50
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.97 1.98 1.97 1.96 1.19 1.27 1.27 1.41
B Site Sum 1.97 1.98 1.97 1.96 1.93 1.94 1.93 1.92
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.03 0.03 0.03 0.02
A Site Mg+ 0.02 0.03 0.03 0.02 0.00 0.01 0.00 0.00
A site Ca2+ 3.08 3.05 3.07 3.08 3.12 3.10 3.12 3.13
A site Sum 3.11 3.08 3.11 3.11 3.15 3.14 3.15 3.16
Total Cation Sum 8.08 8.06 8.08 8.07 8.08 8.07 8.08 8.08
End Members (%)
Andradite 100.0 100.0 100.0 100.0 61.6 65.3 65.9 73.7
Grossular 0.0 0.0 0.0 0.0 38.4 34.7 34.1 26.3
Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name KVD72 416m sp2gt KVD72 416m sp3gt KVD72 416m sp3gt KVD72 416m sp3gt KVD72 416m sp3gt KVD72 416m sp3gt KVD72 416m sp3gt KVD72 416m sp3gt 
SiO2 34.8 36.2 35.9 35.8 35.6 35.6 35.5 35.3
TiO2 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Al2O3 5.7 5.2 3.7 3.1 2.7 1.4 1.4 1.3
Fe2O3 22.8 24.2 26.0 27.0 26.8 28.9 29.3 28.2
MnO  0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO  0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.2
CaO  35.0 34.9 34.5 34.4 34.2 34.2 34.2 34.0
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 98.7 100.6 100.3 100.4 99.5 100.3 100.6 99.0
Fe2O3
1 22.8 24.2 26.0 27.0 26.8 28.9 29.3 28.2
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 98.7 100.6 100.3 100.4 99.5 100.3 100.6 99.0
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.91 2.96 2.97 2.97 2.99 2.98 2.97 3.00
C Site Al4+ 0.09 0.04 0.03 0.03 0.01 0.02 0.03 0.00
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.48 0.47 0.33 0.28 0.25 0.13 0.11 0.12
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.44 1.49 1.62 1.68 1.69 1.82 1.84 1.80
B Site Sum 1.92 1.96 1.95 1.96 1.94 1.95 1.95 1.92
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.02 0.01 0.01 0.00 0.01 0.00 0.01 0.01
A Site Mg+ 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.02
A site Ca2+ 3.14 3.06 3.06 3.06 3.07 3.07 3.06 3.09
A site Sum 3.17 3.08 3.08 3.07 3.09 3.09 3.08 3.12
Total Cation Sum 8.08 8.04 8.04 8.03 8.03 8.03 8.04 8.04
End Members (%)
Andradite 75.0 76.0 83.1 86.0 87.1 93.5 94.4 93.6
Grossular 25.0 24.0 16.9 14.0 12.9 6.5 5.6 6.4
Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name KVD72 416m sp3gt KVD72 416m sp3gt KVD72 416m sp3gt KVD72W2 538m sp1gt KVD72W2 538m sp1gt KVD72W2 538m sp1gt KVD72W2 538m sp1gt KVD72W2 538m sp1gt 
SiO2 35.6 35.6 35.4 35.7 34.8 35.1 35.0 34.7
TiO2 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0
Al2O3 1.0 1.0 0.6 3.8 2.3 2.1 1.9 1.7
Fe2O3 29.6 28.9 29.7 24.9 27.1 27.2 27.3 28.5
MnO  0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1
MgO  0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.2
CaO  34.0 34.0 34.1 34.2 33.9 33.9 34.0 34.0
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.4 99.8 100.0 99.0 98.3 98.7 98.7 99.2
Fe2O3
1 29.6 28.9 29.7 24.9 27.1 27.2 27.3 28.5
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.4 99.8 100.0 99.0 98.3 98.7 98.7 99.2
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.99 3.00 2.98 2.99 2.96 2.98 2.97 2.94
C Site Al4+ 0.01 0.00 0.02 0.01 0.04 0.02 0.03 0.06
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.09 0.10 0.04 0.36 0.20 0.19 0.16 0.12
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
B Site Fe3+ 1.87 1.84 1.89 1.57 1.74 1.74 1.75 1.82
B Site Sum 1.95 1.93 1.93 1.93 1.94 1.93 1.91 1.94
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.02
A site Ca2+ 3.06 3.07 3.09 3.07 3.09 3.08 3.09 3.09
A site Sum 3.07 3.10 3.11 3.10 3.11 3.11 3.13 3.12
Total Cation Sum 8.03 8.03 8.04 8.03 8.05 8.04 8.05 8.06
End Members (%)
Andradite 95.5 95.0 97.8 81.1 89.9 90.1 91.6 94.0
Grossular 4.5 5.0 2.2 18.9 10.1 9.9 8.4 6.0
Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name KVD72W2 538m sp1gt KVD72W2 538m sp1gt KVD72W2 538m sp1gt KVD72W2 538m sp1gt KVD72W2 538m sp1gt KVD73 379m sp3gt KVD73 379m sp3gt KVD73 379m sp3gt 
SiO2 35.2 34.9 34.6 34.5 34.4 37.9 37.5 34.8
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 1.4 1.3 1.1 0.8 0.5 19.6 17.2 0.0
Fe2O3 29.2 28.8 28.8 28.9 29.8 4.5 7.8 31.0
MnO  0.1 0.1 0.1 0.1 0.2 0.6 0.6 0.1
MgO  0.2 0.2 0.3 0.2 0.3 0.0 0.0 0.1
CaO  34.0 33.8 33.6 33.3 33.3 37.4 36.3 33.4
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.1 99.1 98.5 97.9 98.5 100.0 99.5 99.5
Fe2O3
1 29.2 28.8 28.8 28.9 29.8 4.5 7.8 31.0
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.1 99.1 98.5 97.9 98.5 100.0 99.5 99.5
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.96 2.97 2.96 2.97 2.96 2.91 2.93 2.97
C Site Al4+ 0.04 0.03 0.04 0.03 0.04 0.09 0.07 0.03
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 0.10 0.09 0.07 0.06 0.01 1.69 1.51 0.00
B Site Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.85 1.84 1.86 1.87 1.93 0.26 0.46 1.99
B Site Sum 1.95 1.94 1.92 1.93 1.93 1.95 1.97 1.99
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.01 0.04 0.04 0.01
A Site Mg+ 0.03 0.03 0.04 0.03 0.04 0.00 0.00 0.02
A site Ca2+ 3.06 3.07 3.08 3.07 3.06 3.08 3.04 3.05
A site Sum 3.09 3.11 3.13 3.11 3.12 3.12 3.08 3.08
Total Cation Sum 8.04 8.04 8.06 8.05 8.05 8.07 8.05 8.07
End Members (%)
Andradite 94.9 95.1 96.5 97.1 99.7 13.4 23.4 100.0
Grossular 5.1 4.9 3.5 2.9 0.3 86.6 76.6 0.0
Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name KVD73W1 332m sp1gt KVD73W1 332m sp1gt KVD73W1 332m sp1gt KVD73W1 332m sp1gt KVD73W1 332m sp1gt KVD73W1 332m sp1gt KVD73W1 332m sp1gtinclusion KVD73W1 332m sp1gtinclusion 
SiO2 37.4 37.3 37.4 35.8 34.7 35.0 35.5 35.4
TiO2 0.3 0.2 0.2 0.0 0.0 0.1 0.0 0.0
Al2O3 17.0 17.0 16.8 14.3 10.8 1.3 4.6 4.6
Fe2O3 7.7 8.0 8.1 11.6 15.9 29.5 24.9 24.8
MnO  0.5 0.5 0.5 0.4 0.3 0.2 0.2 0.1
MgO  0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.1
CaO  37.0 36.9 36.9 36.7 36.0 33.6 34.7 34.4
Na2O  0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0
K2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 99.9 99.8 100.0 98.8 97.9 99.8 100.0 99.3
Fe2O3
1 7.7 8.0 8.1 11.6 15.9 29.5 24.9 24.8
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 99.9 99.8 100.0 98.8 97.9 99.8 100.0 99.3
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.91 2.91 2.91 2.87 2.86 2.96 2.94 2.95
C Site Al4+ 0.09 0.09 0.09 0.13 0.14 0.04 0.06 0.05
C Site Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
B Site Al4+ 1.48 1.47 1.46 1.22 0.91 0.09 0.39 0.40
B Site Ti4+ 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 0.45 0.47 0.48 0.70 0.98 1.87 1.55 1.55
B Site Sum 1.94 1.95 1.95 1.92 1.90 1.96 1.95 1.96
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.03 0.03 0.03 0.02 0.02 0.01 0.01 0.01
A Site Mg+ 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.01
A site Ca2+ 3.09 3.08 3.08 3.15 3.18 3.04 3.09 3.07
A site Sum 3.12 3.12 3.11 3.18 3.21 3.07 3.10 3.09
Total Cation Sum 8.06 8.06 8.06 8.10 8.11 8.04 8.05 8.05
End Members (%)
Andradite 23.5 24.1 24.7 36.5 51.9 95.5 79.9 79.6
Grossular 76.5 75.9 75.3 63.5 48.1 4.5 20.1 20.4
Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
274
Analysis Name KVD73W1 332m sp1gtinclusion KVD67 715m sp1gt KVD67 715m sp1gt KVD67 715m sp2gt KVD67 715m sp1gt KVD67 715m sp1gt KVD67 715m sp2gt KVD67 715m sp1gt 
SiO2 35.5 35.1 35.3 35.7 35.6 35.5 35.8 35.5
TiO2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 4.5 0.2 0.3 0.9 0.9 0.9 2.3 0.3
Fe2O3 24.6 30.8 30.3 29.0 29.9 29.6 27.5 30.5
MnO  0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO  0.0 0.2 0.1 0.1 0.1 0.1 0.1 0.1
CaO  34.9 33.6 34.0 34.1 33.6 34.0 34.2 34.1
Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 99.8 97.1 97.3 97.1 97.4 97.5 97.5 97.5
Fe2O3
1 24.6 30.8 30.3 29.0 29.9 29.6 27.5 30.5
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 99.8 97.1 97.3 97.1 97.4 97.5 97.5 97.5
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.95 2.97 2.98 3.01 2.99 2.99 2.99 2.98
C Site Al4+ 0.05 0.03 0.02 0.00 0.01 0.01 0.01 0.02
C Site Sum 3.00 3.00 3.00 3.01 3.00 3.00 3.00 3.00
B Site Al4+ 0.39 -0.01 0.01 0.09 0.08 0.07 0.22 0.02
B Site Ti4+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Site Fe3+ 1.53 1.97 1.93 1.84 1.89 1.87 1.73 1.93
B Site Sum 1.93 1.95 1.94 1.93 1.97 1.95 1.95 1.95
A site Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A Site Mg+ 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.01
A site Ca2+ 3.11 3.05 3.08 3.07 3.02 3.06 3.06 3.07
A site Sum 3.13 3.08 3.10 3.09 3.05 3.08 3.08 3.09
Total Cation Sum 8.06 8.04 8.04 8.03 8.02 8.03 8.03 8.04
End Members (%)
Andradite 79.8 100.0 99.5 95.3 96.2 96.2 88.8 99.1
Grossular 20.2 0.0 0.5 4.7 3.8 3.8 11.2 0.9
Pyralspite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Analysis Name KVD67 715m sp1gt KVD67 715m sp2gt KVD67 715m sp2gt KVD67 715m sp2gt 
SiO2 35.4 35.3 35.6 35.6
TiO2 0.0 0.0 0.0 0.0
Al2O3 1.5 1.7 2.0 1.6
Fe2O3 28.2 28.8 28.4 28.8
MnO  0.1 0.1 0.1 0.1
MgO  0.1 0.1 0.1 0.1
CaO  34.3 34.1 34.3 34.3
Na2O  0.1 0.0 0.1 0.0
K2O  0.0 0.0 0.0 0.0
Total 96.9 97.2 97.6 97.6
Fe2O3
1 28.2 28.8 28.4 28.8
FeO 0.0 0.0 0.0 0.0
Total 96.9 97.2 97.6 97.6
General Formula A3B2C3O12
Cations based on 12 oxygen
C Site Si4+ 2.98 2.97 2.97 2.98
C Site Al4+ 0.02 0.03 0.03 0.02
C Site Sum 3.00 3.00 3.00 3.00
B Site Al4+ 0.14 0.13 0.17 0.14
B Site Ti4+ 0.00 0.00 0.00 0.00
B Site Fe3+ 1.79 1.82 1.79 1.81
B Site Sum 1.93 1.95 1.95 1.95
A site Fe2+ 0.00 0.00 0.00 0.00
A site Mn+ 0.01 0.01 0.00 0.00
A Site Mg+ 0.01 0.01 0.01 0.01
A site Ca2+ 3.10 3.07 3.07 3.08
A site Sum 3.11 3.09 3.08 3.09
Total Cation Sum 8.04 8.04 8.03 8.04
End Members (%)
Andradite 93.0 93.3 91.4 92.9
Grossular 7.0 6.7 8.6 7.1
Pyralspite 0.0 0.0 0.0 0.0
1FeO calculated based on B site = 2.0
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Appendix 4.3: Clinopyroxene Compositions by  Microprobe
Analysis name KVD67 715m sp1px KVD67 715m sp1px KVD67 715m sp1px KVD67 715m sp1px KVD67 715m sp1px KVD67 715m sp1px KVD67 715m sp2px KVD67 715m sp1px 
   SiO2 53.6 53.4 53.1 52.7 52.8 52.9 52.7 52.8
   TiO2 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0
   Al2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
   FeO   6.6 7.3 8.3 9.3 9.7 9.9 9.7 10.2
   MnO   0.3 0.4 0.4 0.5 0.5 0.5 0.5 0.5
   MgO   14.4 13.7 13.1 12.2 12.3 12.2 11.9 12.0
   CaO   26.0 25.8 25.8 25.7 25.9 25.7 25.7 25.7
   Na2O  0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
   K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.1 100.7 101.0 100.5 101.4 101.1 100.6 101.4
Cations Based on 6 Oxygen
Cations Si4+ 1.98 1.99 1.98 1.98 1.98 1.98 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.20 0.23 0.26 0.29 0.30 0.31 0.31 0.32
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Mn2+ 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02
Cations Mg2+ 0.79 0.76 0.73 0.68 0.68 0.68 0.67 0.67
Cations Ca2+ 1.03 1.03 1.03 1.04 1.04 1.03 1.04 1.03
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.02 4.01 4.02 4.02 4.02 4.02 4.01 4.02
End Members (%)
% Hedenbergite 20 23 26 30 30 31 31 32
% Diopside 79 76 73 69 68 68 67 67
% Johannsenite 1 1 1 2 2 2 2 2
Analysis name KVD67 715m sp1px KVD67 715m sp2px KVD67 715m sp2px KVD67 715m sp1px KVD67 715m sp2px KVD67 715m sp2px KVD67 715m sp1px KVD67 715m sp1px 
   SiO2 52.8 52.4 52.6 52.2 52.6 52.1 52.4 52.1
   TiO2 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1
   Al2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
   FeO   10.4 10.9 12.1 11.9 12.3 11.9 12.6 12.6
   MnO   0.5 0.6 0.6 0.6 0.7 0.6 0.6 1.6
   MgO   11.8 11.0 10.7 10.3 10.5 10.2 10.5 9.9
   CaO   25.7 25.7 25.1 25.2 25.3 25.4 25.3 24.6
   Na2O  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
   K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 101.4 100.5 101.0 100.2 101.6 100.3 101.5 101.4
Cations Based on 6 Oxygen
Cations Si4+ 1.98 1.98 1.99 1.99 1.98 1.99 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Fe2+ 0.32 0.34 0.38 0.38 0.39 0.38 0.40 0.40
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Mn2+ 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.05
Cations Mg2+ 0.66 0.62 0.60 0.59 0.59 0.58 0.59 0.56
Cations Ca2+ 1.03 1.04 1.02 1.03 1.02 1.04 1.02 1.01
Cations Na2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.02 4.02 4.01 4.01 4.01 4.01 4.02 4.01
End Members (%)
% Hedenbergite 32 35 38 39 39 39 39 40
% Diopside 66 63 60 59 59 59 59 55
% Johannsenite 2 2 2 2 2 2 2 5
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Analysis name KVD67 715m sp2px KVD67 715m sp1px KVD67 715m sp2px KVD67 715m sp2px KVD67 715m sp2px KVD67 715m sp1px KVD67 715m sp1px KVD67 715m sp1px 
   SiO2 51.9 51.5 52.0 50.9 50.0 49.6 49.9 49.4
   TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
   Al2O3 0.0 0.0 0.0 0.2 0.2 0.2 0.2 0.0
   FeO   13.6 14.0 14.3 17.6 19.4 19.2 20.0 20.1
   MnO   0.7 0.7 0.7 1.9 1.9 1.7 2.3 3.0
   MgO   9.2 9.3 9.4 6.0 5.0 4.7 4.4 4.0
   CaO   24.8 24.9 25.2 23.9 24.0 23.8 23.2 23.6
   Na2O  0.0 0.0 0.0 0.2 0.0 0.0 0.1 0.0
   K2O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100.3 100.5 101.6 100.6 100.4 99.2 100.1 100.0
Cations Based on 6 Oxygen
Cations Si4+ 1.99 1.98 1.98 2.00 1.98 1.99 1.99 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Al4+ 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00
Cations Fe2+ 0.44 0.45 0.45 0.58 0.64 0.65 0.67 0.67
Cations Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cations Mn2+ 0.02 0.02 0.02 0.06 0.06 0.06 0.08 0.10
Cations Mg2+ 0.53 0.53 0.53 0.35 0.29 0.28 0.26 0.24
Cations Ca2+ 1.02 1.03 1.03 1.00 1.02 1.02 0.99 1.02
Cations Na2+ 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cations 4.01 4.02 4.02 4.01 4.01 4.01 4.01 4.02
End Members (%)
% Hedenbergite 44 45 45 58 64 66 66 67
% Diopside 53 53 53 35 29 28 26 23
% Johannsenite 2 2 2 6 6 6 8 10
Analysis name KVD67 715m sp1px KVD67 715m sp1px KVD67 715m sp1px KVD67 715m sp1px 
   SiO2 49.9 49.4 48.6 49.5
   TiO2 0.0 0.0 0.1 0.0
   Al2O3 0.3 0.2 0.6 0.4
   FeO   20.1 20.6 20.1 21.2
   MnO   2.4 2.6 2.3 1.9
   MgO   4.2 3.7 3.5 3.9
   CaO   23.7 23.7 23.5 23.6
   Na2O  0.1 0.1 0.1 0.1
   K2O   0.0 0.0 0.0 0.0
Total 100.7 100.3 98.7 100.7
Cations Based on 6 Oxygen
Cations Si4+ 1.98 1.98 1.98 1.98
Cations Ti4+ 0.00 0.00 0.00 0.00
Cations Al4+ 0.01 0.01 0.03 0.02
Cations Fe2+ 0.67 0.69 0.68 0.71
Cations Fe3+ 0.00 0.00 0.00 0.00
Cations Mn2+ 0.08 0.09 0.08 0.07
Cations Mg2+ 0.25 0.22 0.21 0.23
Cations Ca2+ 1.01 1.02 1.02 1.01
Cations Na2+ 0.01 0.01 0.01 0.00
Cations K+ 0.00 0.00 0.00 0.00
Total Cations 4.01 4.02 4.01 4.02
End Members (%)
% Hedenbergite 67 69 70 70
% Diopside 25 22 22 23
% Johannsenite 8 9 8 6
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Appendix 4.4: Amphibole Compositions by Microprobe
Analysis Name KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph 
F 0.2 0.1 0.4 0.2 0.0 0.1 0.1 0.1
Cl 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0
SiO2 46.6 46.8 48.5 47.4 48.4 47.8 49.0 48.7
TiO2 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Al2O3 4.2 4.0 3.6 4.0 3.1 3.9 3.3 3.2
FeO 27.6 26.9 23.9 24.0 24.4 24.3 24.4 24.0
Fe2O3 2.7 3.0 0.3 3.3 1.4 1.7 1.4 1.7
MnO   1.4 1.3 1.3 1.7 1.7 1.8 1.8 1.7
MgO   11.8 11.8 12.3 12.0 12.0 11.9 11.9 11.8
CaO   3.0 3.3 6.6 5.2 5.5 5.3 5.5 5.6
Na2O  0.4 0.4 0.3 0.2 0.2 0.2 0.2 0.2
K2O   0.3 0.3 0.4 0.5 0.3 0.4 0.3 0.3
Total 98.1 97.8 97.6 98.6 97.1 97.4 97.8 97.3
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 7.36 7.39 7.52 7.35 7.56 7.46 7.58 7.57
T Site Cations Al4+ 0.64 0.61 0.48 0.65 0.44 0.54 0.42 0.43
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.14 0.13 0.18 0.08 0.13 0.18 0.17 0.16
C Site Cations Ti4+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
C Site Cations Fe2+ 3.65 3.55 3.10 3.11 3.19 3.16 3.16 3.12
C Site Cations Fe3+ 0.32 0.35 0.03 0.38 0.17 0.20 0.17 0.20
C Site Cations Mn2+ 0.18 0.18 0.17 0.23 0.22 0.23 0.24 0.23
C Site Cations Mg2+ 0.71 0.78 1.52 1.19 1.28 1.23 1.26 1.29
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 2.00 1.99 2.05 2.00 2.01 2.00 1.98 1.97
B Site Cations Na+ 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.03
Sum Cations B Site 2.00 2.00 2.05 2.00 2.01 2.00 2.00 2.00
A Site Cations K+ 0.08 0.07 0.05 0.05 0.04 0.04 0.03 0.03
A Site Cations Na+ 0.10 0.07 0.11 0.14 0.08 0.12 0.07 0.07
Sum Cations  A Site 0.18 0.14 0.17 0.18 0.12 0.16 0.10 0.10
Total Cations 15.18 15.14 15.21 15.19 15.13 15.16 15.10 15.10
Mg/(Fe+Mg) 0.16 0.18 0.33 0.25 0.28 0.27 0.28 0.28
Amphibole Name Ferrohornblende Ferrohornblende Ferroactinolite Ferrohornblende Ferroactinolite Ferrohornblende Ferroactinolite Ferroactinolite
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Analysis Name KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp1amph KVD72 416m sp2amph 
F 0.1 0.2 0.0 0.0 0.2 0.1 0.3 0.1
Cl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2
SiO2 48.6 49.4 49.3 49.9 50.1 49.7 49.4 46.0
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 3.7 2.7 2.7 2.1 1.8 2.4 2.3 5.5
FeO 23.5 24.7 23.4 24.4 23.9 24.5 24.5 25.1
Fe2O3 2.0 0.0 2.6 0.6 1.1 1.7 0.6 1.5
MnO   1.8 1.7 1.7 1.8 1.7 1.9 1.8 1.3
MgO   12.1 12.2 11.9 12.1 12.1 12.0 12.2 12.0
CaO   5.9 5.9 6.0 6.2 6.5 5.6 6.0 4.7
Na2O  0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.5
K2O   0.3 0.1 0.3 0.2 0.2 0.2 0.2 0.6
Total 98.1 97.2 98.0 97.3 97.8 98.2 97.4 97.6
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 7.48 7.68 7.59 7.74 7.73 7.67 7.68 7.23
T Site Cations Al4+ 0.52 0.32 0.41 0.26 0.27 0.33 0.32 0.77
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.16 0.18 0.09 0.11 0.06 0.10 0.11 0.25
C Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C Site Cations Fe2+ 3.03 3.21 3.02 3.16 3.08 3.16 3.19 3.30
C Site Cations Fe3+ 0.23 0.00 0.30 0.06 0.13 0.20 0.07 0.17
C Site Cations Mn2+ 0.23 0.23 0.22 0.24 0.22 0.25 0.24 0.17
C Site Cations Mg2+ 1.35 1.37 1.37 1.42 1.50 1.28 1.39 1.11
Sum Cations C Site 5.00 4.99 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 2.00 2.04 1.96 2.01 2.01 1.98 2.04 2.02
B Site Cations Na+ 0.00 0.00 0.04 0.00 0.00 0.02 0.00 0.00
Sum Cations B Site 2.00 2.04 2.00 2.01 2.01 2.00 2.04 2.02
A Site Cations K+ 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.11
A Site Cations Na+ 0.09 0.04 0.04 0.05 0.05 0.03 0.05 0.19
Sum Cations  A Site 0.12 0.07 0.06 0.07 0.07 0.05 0.06 0.29
Total Cations 15.12 15.10 15.06 15.07 15.07 15.05 15.10 15.32
Mg/(Fe+Mg) 0.29 0.30 0.29 0.31 0.32 0.28 0.30 0.25
Amphibole Name Ferrohornblende Ferroactinolite Ferroactinolite Ferroactinolite Ferroactinolite Ferroactinolite Ferroactinolite Ferrohornblende
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Analysis Name KVD72 416m sp2amph KVD72 416m sp2amph KVD72 416m sp2amph KVD72 416m sp2amph KVD72 416m sp2amph KVD72 416m sp2amph KVD72 416m sp2amph KVD72 416m sp2amph 
F 0.1 0.1 0.0 0.0 0.2 0.1 0.2 0.1
Cl 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0
SiO2 46.5 48.1 46.5 47.4 47.6 48.4 48.1 47.8
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al2O3 4.8 3.7 5.9 3.8 3.9 3.9 4.0 4.6
FeO 24.9 25.6 22.1 25.7 25.2 22.7 22.2 22.1
Fe2O3 3.1 1.2 4.7 1.5 3.1 2.5 4.0 4.0
MnO   0.9 1.2 1.6 1.3 1.1 1.7 1.7 1.8
MgO   11.8 11.9 11.7 12.0 12.0 11.9 12.1 11.7
CaO   4.7 5.1 5.1 4.8 4.8 6.0 6.1 5.6
Na2O  0.4 0.3 0.3 0.3 0.2 0.2 0.2 0.2
K2O   0.6 0.4 0.5 0.4 0.4 0.3 0.3 0.5
Total 98.0 97.6 98.5 97.2 98.5 97.6 98.9 98.3
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 7.27 7.51 7.16 7.45 7.39 7.47 7.36 7.34
T Site Cations Al4+ 0.73 0.49 0.84 0.55 0.61 0.53 0.64 0.66
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.15 0.19 0.22 0.16 0.09 0.18 0.07 0.17
C Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C Site Cations Fe2+ 3.26 3.34 2.84 3.38 3.27 2.93 2.84 2.84
C Site Cations Fe3+ 0.36 0.14 0.54 0.18 0.36 0.29 0.46 0.46
C Site Cations Mn2+ 0.12 0.16 0.21 0.17 0.15 0.22 0.22 0.23
C Site Cations Mg2+ 1.10 1.18 1.18 1.11 1.12 1.37 1.40 1.29
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.99 1.99 1.93 2.02 2.00 1.97 1.98 1.92
B Site Cations Na+ 0.01 0.01 0.07 0.00 0.00 0.03 0.02 0.08
Sum Cations B Site 2.00 2.00 2.00 2.02 2.00 2.00 2.00 2.00
A Site Cations K+ 0.09 0.06 0.06 0.05 0.05 0.04 0.04 0.04
A Site Cations Na+ 0.16 0.11 0.09 0.13 0.12 0.07 0.08 0.07
Sum Cations  A Site 0.24 0.18 0.15 0.18 0.16 0.11 0.12 0.11
Total Cations 15.24 15.18 15.15 15.20 15.16 15.10 15.12 15.11
Mg/(Fe+Mg) 0.25 0.26 0.26 0.24 0.24 0.30 0.30 0.28
Amphibole Name Ferrohornblende Ferroactinolite Ferrohornblende Ferrohornblende Ferrohornblende Ferrohornblende Ferrohornblende Ferrohornblende
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Analysis Name KVD72 416m sp2amph KVD72 416m sp2amph KVD72 416m sp2amph KVD72 416m sp2amph KVD73 379m sp1amph KVD73 379m sp1amph KVD73 379m sp1amph KVD73 379m sp1amph 
F 0.2 0.0 0.0 0.0 0.0 0.1 0.0 0.0
Cl 0.0 0.0 0.1 0.0 0.2 0.1 0.1 0.1
SiO2 48.4 48.0 49.1 48.9 45.2 45.2 43.6 45.4
TiO2 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0
Al2O3 3.6 4.3 2.3 2.7 6.5 6.6 8.4 6.7
FeO 21.2 23.3 25.5 24.1 23.8 22.4 22.4 22.6
Fe2O3 4.5 2.6 1.8 1.7 1.4 3.7 3.4 3.4
MnO   1.7 1.6 1.4 1.6 1.9 1.9 1.8 1.9
MgO   11.5 11.8 11.9 11.9 11.4 11.7 11.9 11.8
CaO   6.3 5.6 5.3 5.8 4.3 4.7 4.3 4.7
Na2O  0.2 0.2 0.1 0.1 0.6 0.4 0.4 0.4
K2O   0.4 0.4 0.3 0.3 0.7 0.6 0.7 0.6
Total 97.9 97.7 98.0 97.3 96.0 97.2 97.1 97.7
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 7.44 7.42 7.63 7.60 7.18 7.08 6.86 7.08
T Site Cations Al4+ 0.56 0.58 0.37 0.40 0.82 0.92 1.14 0.92
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.09 0.20 0.06 0.10 0.40 0.29 0.41 0.30
C Site Cations Ti4+ 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00
C Site Cations Fe2+ 2.72 3.01 3.32 3.14 3.16 2.93 2.95 2.94
C Site Cations Fe3+ 0.52 0.30 0.21 0.20 0.17 0.44 0.40 0.40
C Site Cations Mn2+ 0.22 0.21 0.19 0.22 0.26 0.25 0.24 0.25
C Site Cations Mg2+ 1.44 1.28 1.22 1.34 1.01 1.09 1.01 1.10
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.90 1.96 1.98 1.99 1.95 1.96 2.01 1.98
B Site Cations Na+ 0.10 0.04 0.02 0.01 0.05 0.04 0.00 0.02
Sum Cations B Site 2.00 2.00 2.00 2.00 2.00 2.00 2.01 2.00
A Site Cations K+ 0.04 0.03 0.03 0.02 0.11 0.08 0.08 0.08
A Site Cations Na+ 0.01 0.09 0.08 0.08 0.18 0.14 0.22 0.15
Sum Cations  A Site 0.04 0.12 0.11 0.11 0.29 0.22 0.31 0.23
Total Cations 15.05 15.12 15.11 15.11 15.29 15.22 15.32 15.23
Mg/(Fe+Mg) 0.31 0.28 0.26 0.29 0.24 0.27 0.25 0.27
Amphibole Name Ferrohornblende Ferrohornblende Ferroactinolite Ferroactinolite Ferrohornblende Ferrohornblende Ferrohornblende Ferrohornblende
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Analysis Name KVD73 379m sp1amph KVD73 379m sp1amph KVD73 379m sp1amph KVD73 379m sp1amph KVD73 379m sp2amph KVD73 379m sp2amph KVD73 379m sp2amph KVD73 379m sp2amph 
F 0.1 0.0 0.1 0.0 0.0 0.1 0.3 0.0
Cl 0.1 0.0 0.1 0.1 0.3 0.3 0.2 0.1
SiO2 44.8 45.9 47.4 48.1 42.4 43.6 45.2 45.7
TiO2 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.0
Al2O3 7.3 5.7 4.2 3.4 9.7 8.1 6.5 6.7
FeO 23.0 23.9 24.4 24.5 22.5 22.2 23.3 22.9
Fe2O3 1.6 2.3 1.4 1.1 4.4 3.7 2.2 3.1
MnO   1.6 1.5 1.9 2.0 1.7 1.7 1.9 1.9
MgO   11.9 12.1 12.0 12.0 11.9 11.8 11.8 12.0
CaO   4.8 4.9 5.0 5.3 3.5 4.5 4.5 4.8
Na2O  0.4 0.3 0.2 0.2 0.7 0.6 0.4 0.4
K2O   0.6 0.5 0.4 0.4 0.8 0.7 0.6 0.6
Total 96.1 97.2 97.1 97.2 97.9 97.3 97.0 98.3
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 7.07 7.19 7.42 7.52 6.66 6.85 7.12 7.07
T Site Cations Al4+ 0.93 0.81 0.58 0.48 1.34 1.15 0.88 0.93
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.42 0.24 0.20 0.16 0.45 0.35 0.33 0.30
C Site Cations Ti4+ 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00
C Site Cations Fe2+ 3.04 3.13 3.21 3.21 2.96 2.93 3.07 2.96
C Site Cations Fe3+ 0.19 0.27 0.17 0.13 0.52 0.44 0.27 0.37
C Site Cations Mn2+ 0.22 0.20 0.26 0.27 0.23 0.22 0.26 0.26
C Site Cations Mg2+ 1.12 1.15 1.18 1.23 0.83 1.06 1.06 1.11
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 2.02 2.03 2.02 2.01 2.00 2.00 2.00 1.99
B Site Cations Na+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Sum Cations B Site 2.02 2.03 2.02 2.01 2.00 2.00 2.00 2.00
A Site Cations K+ 0.07 0.07 0.05 0.04 0.13 0.13 0.08 0.07
A Site Cations Na+ 0.19 0.14 0.12 0.11 0.23 0.22 0.19 0.18
Sum Cations  A Site 0.26 0.21 0.17 0.15 0.36 0.35 0.27 0.25
Total Cations 15.28 15.24 15.19 15.16 15.36 15.35 15.27 15.25
Mg/(Fe+Mg) 0.27 0.27 0.26 0.27 0.22 0.27 0.26 0.27
Amphibole Name Ferrohornblende Ferrohornblende Ferrohornblende Ferroactinolite Ferrohornblende Ferrohornblende Ferrohornblende Ferrohornblende
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Analysis Name KVD73 379m sp2amph KVD73 379m sp3amph KVD73 379m sp3amph KVD73 379m sp3amph KVD73 379m sp3amph 
F 0.1 0.0 0.1 0.1 0.0
Cl 0.1 0.2 0.1 0.1 0.1
SiO2 45.7 43.4 46.0 46.7 46.3
TiO2 0.0 0.0 0.0 0.1 0.0
Al2O3 6.1 9.2 5.2 4.8 5.6
FeO 22.4 23.1 23.1 23.0 23.8
Fe2O3 3.4 3.5 2.8 3.2 2.3
MnO   1.8 1.7 1.9 2.2 2.1
MgO   11.6 11.9 12.0 11.9 11.8
CaO   4.8 3.8 5.1 5.0 4.5
Na2O  0.4 0.6 0.4 0.3 0.3
K2O   0.5 0.9 0.5 0.4 0.5
Total 97.0 98.4 97.3 97.8 97.2
General formula: A0-1B2C5T8O22(OH, F, Cl)2
Fe3+ corrected on the basis of 13eCNK (13 cations exclusive of Ca, Na, K). F and Cl not used in calculation
Cations Based on 23 Oxygen
T Site Cations Si4+ 7.17 6.77 7.22 7.28 7.26
T Site Cations Al4+ 0.83 1.23 0.78 0.72 0.74
T Site Cations Ti4+ 0.00 0.00 0.00 0.00 0.00
Sum Cations T Site 8.00 8.00 8.00 8.00 8.00
C Site Cations Al4+ 0.29 0.45 0.17 0.17 0.29
C Site Cations Ti4+ 0.00 0.00 0.00 0.01 0.00
C Site Cations Fe2+ 2.94 3.02 3.03 3.00 3.12
C Site Cations Fe3+ 0.40 0.41 0.34 0.37 0.27
C Site Cations Mn2+ 0.24 0.23 0.26 0.29 0.28
C Site Cations Mg2+ 1.12 0.89 1.20 1.16 1.05
Sum Cations C Site 5.00 5.00 5.00 5.00 5.00
B Site Cations Ca2+ 1.95 1.99 2.02 1.98 1.98
B Site Cations Na+ 0.05 0.01 0.00 0.02 0.02
Sum Cations B Site 2.00 2.00 2.02 2.00 2.00
A Site Cations K+ 0.07 0.13 0.07 0.07 0.06
A Site Cations Na+ 0.12 0.25 0.16 0.11 0.13
Sum Cations  A Site 0.19 0.38 0.23 0.18 0.19
Total Cations 15.19 15.38 15.25 15.18 15.19
Mg/(Fe+Mg) 0.28 0.23 0.28 0.28 0.25
Amphibole Name Ferrohornblende Ferrohornblende Ferrohornblende Ferrohornblende Ferrohornblende
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Sample Name Description
Appendix 4.5: C-O Isotope Data 
ᵟ13C  ‰VPDB ᵟ18O ‰VPDB ᵟ18O ‰VSMOW
CG-16-20* Limestone 1.55 -8.79 21.85
KVD67 460m Grey Marble 0.16 -12.77 17.74
KVD67 490m White Limestone 1.26 -11.76 18.79
KVD67 495m White Limestone 1.66 -10.78 19.80
KVD67 503m White Limestone 1.10 -12.98 17.53
KVD67 579m Grey Marble 0.98 -13.67 16.81
KVD67 628m Grey Marble -1.21 -13.51 16.98
KVD67 628m resubmitted White calcite vein -0.45 -13.49 17.01
KVD67 628m resubmitted Grey Marble -0.56 -14.08 16.40
KVD67 628m resubmitted Grey Marble -1.14 -13.72 16.77
KVD67 647m Grey Marble -0.44 -18.26 12.09
KVD67 674m Grey Marble 1.73 -15.98 14.43
KVD67 674m resubmitted Grey Marble -0.74 -18.86 11.46
KVD67 708m White Marble 1.18 -18.62 11.72
KVD67 708m resubmitted White Marble 0.96 -19.12 11.20
KVD67 840m White Limestone 1.37 -7.24 23.45
KVD67 855m Grey Marble 1.45 -10.47 20.12
KVD67 874m White Marble -0.05 -13.70 16.78
KVD67 898m White Marble 0.74 -10.02 20.58
KVD67 915m White Marble 0.60 -12.01 18.53
KVD67 939.6m White Marble 1.40 -10.59 20.00
KVD67 951m Grey Marble 0.07 -12.90 17.61
KVD67 957m White Marble 0.34 -14.72 15.74
KVD67 963.20m White Marble -3.18 -19.85 10.45
KVD67 969.20m White Marble -4.08 -22.76 7.45
KVD67 970.40m White Marble -1.54 -21.99 8.24
KVD67 972.20m White Marble 0.31 -16.23 14.18
KVD67 974.50m White Marble 0.01 -17.80 12.56










36Ar/39Ar +/‐ % Atm. +/‐ Ca/K +/‐ Cl/K +/‐ 40*/
39K +/‐ Age +/‐
(mW) 39Ar meas. meas. meas. 40Ar (Ma)  (Ma) 
500 0.0094 269.7131 2.7390 3.5054 0.0525 0.8142 0.0187 89.1103 1.8868 6.4478 0.0968 0.1342 0.0059 29.4406 5.1248 250.55 40.72
1000 0.0643 105.1478 2.2479 10.3367 0.4585 0.2825 0.0167 78.5929 4.3744 19.1058 0.8537 0.0099 0.0027 22.6683 4.6620 195.92 38.18
1500 0.1406 55.7287 0.3520 16.1650 0.1079 0.0825 0.0019 41.3582 0.9604 30.0030 0.2027 0.0025 0.0004 33.0403 0.5859 278.92 4.58
2000 0.2298 45.4311 0.2203 10.5241 0.0494 0.0446 0.0019 27.1176 1.2001 19.4548 0.0920 0.0032 0.0004 33.3376 0.5768 281.25 4.51
2500 0.3869 40.4714 0.2277 3.9653 0.0213 0.0232 0.0010 16.1371 0.7463 7.2962 0.0393 0.0111 0.0002 34.0109 0.3630 286.5 2.83
3000 0.535 36.2396 0.2183 1.4233 0.0096 0.0069 0.0007 5.3114 0.5849 2.6142 0.0176 0.0252 0.0004 34.3212 0.2982 288.91 2.32
5000 0.7685 35.2186 0.1104 2.5384 0.0126 0.0041 0.0005 2.8849 0.4559 4.6661 0.0232 0.0838 0.0005 34.2351 0.1942 288.24 1.51
9000 1 35.1366 0.1123 4.1284 0.0125 0.0059 0.0005 3.9514 0.4164 7.5972 0.0231 0.0630 0.0005 33.8183 0.1832 285 1.43







36Ar/39Ar +/‐ % Atm. +/‐ Ca/K +/‐ Cl/K +/‐ 40*/
39K +/‐ Age +/‐
(mW) 39Ar meas. meas. meas. 40Ar (Ma)  (Ma) 
500 0.1523 83.0464 1.6790 8.9522 0.1893 0.2021 0.0089 71.0482 2.8299 16.5306 0.3517 0.0211 0.0024 24.1879 2.4185 208.32 19.67
1000 0.2343 121.1038 5.1334 28.1434 1.1966 0.3042 0.0230 72.3157 4.6763 52.6865 2.2856 0.0345 0.0046 34.1985 5.9723 287.96 46.48
1500 0.3435 82.6301 2.6021 61.1442 1.9219 0.2274 0.0138 75.2292 4.2402 117.2543 3.8519 0.0143 0.0032 21.3845 3.7315 185.38 30.74
2000 0.4684 63.7396 1.6508 55.8501 1.4455 0.1547 0.0156 64.5400 7.0119 106.6852 2.8745 0.0165 0.0023 23.5196 4.6955 202.88 38.31
2500 0.564 44.8588 1.6378 61.9033 2.2461 0.0617 0.0129 29.2564 8.3447 118.7767 4.5068 0.0220 0.0034 33.1645 4.1151 279.9 32.17
3000 0.6905 35.2199 1.2747 31.7322 1.1385 0.0267 0.0094 15.0121 7.8136 59.5589 2.1858 0.0098 0.0027 30.5936 3.0343 259.69 23.99
5000 0.8648 36.8009 0.7792 29.4239 0.6099 0.0305 0.0097 17.9167 7.7583 55.1345 1.1670 0.0247 0.0019 30.8241 2.9905 261.51 23.62
9000 1 37.9275 0.8545 103.2331 2.3179 0.0596 0.0101 24.0153 7.7974 204.3139 4.9481 0.0647 0.0032 31.0628 3.2769 263.39 25.85
Integrated 59.6580 0.5944 46.9421 0.4670 0.1221 0.0043 53.9935 2.0258 89.0855 0.9167 0.0261 0.0010 28.3740 1.2845 242.05 11.71
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APPENDIX 5 ANALYTICAL METHODS 
Whole Rock Analyses 
Whole rock samples samples were analyzed for major and trace element compositions. 
These included four samples of the rhyolite porphyry intrusion, two samples of granite, and three 
samples of marble. The igneous rocks were analyzed to apply correct CIPW normative terms and 
to evaluate how felsic the intrusions are. The marble was analyzed to evaluate how much calcite, 
quartz and other impurities the carbonate rocks contain. 
Whole rock analyses used six separate analytical routines to measure major element 
concentration, trace element concentration and loss on ignition. All sample preparation and 
analyses were completed by Bureau Veritas in Vancouver, Canada. The detection limits for each 
element are located in Appendix 1.  
The following oxides were reported: SiO2, Al2O3, total Fe, MgO, CaO, Na2O, K2O, 
P2O4, MnO, Cr2O3, Ba, Sc, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, Zr, Y, La, Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Ho, Er, Tm, Yb, and Lu. These elements/oxides were analyzed by routine LF200. The 
prepared sample is mixed with LiBO2/Li2B4O7 flux. Crucibles are fused in a furnace. The cooled 
bead is dissolved in ACS grade nitric acid and analyzed by ICP and/or ICP-MS. Total Carbon 
and Sulphur may be included and is determined by the Leco method (TC003). The LF202 
package includes an additional 14 elements from an aqua regia digestion AQ200 to provide Au 
and volatile elements which do not report as part of the LF200 package. 
Iron oxide (FeO).was measured by analytical routine GC806. Samples are first digested 
with sulfuric acid. Solutions are allowed to cool and then digested with hydrofluoric acid. 
Indicator solution consisting of distilled water, sulfuric acid, phosphoric acid, boric acid and 
diphenylamine sulfonate is added to every sample solution. Solutions are then titrated using a 
standard dichromate (K2Cr2O7) solution. The end point of the titration is determined when a 
purple color persists in the sample solution for 30 seconds. 
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Nickel concentration was measured by analytical routine MA370. A 0.5g sample was 
split is digested to complete dryness with an acid solution of H2O-HF-HClO4-HNO3. 50% HCl 
is added to the residue and heated using a mixing hot block. After cooling the solutions are made 
up to volume with dilute HCl in class A volumetric flasks. Samples are run by ICP-ES to 
determine analyte concentrations. 
The following elements were measured by routine AQ252: Mo, Cu, Pb, Zn, Ag, Co, Mn, 
As, Au, Cd, Sb, Bi, Cr, B, Tl, Hg, Se, Te, Ge, In, Re, Be, Li, Pd and Pt.. Prepared sample is 
digested with a modified Aqua Regia solution of equal parts concentrated HCl, HNO3 and DI 
H2O for one hour in a heating block or hot water bath. Sample is made up to volume with dilute 
HCl. Sample splits of 15g were analyzed.  
Loss on ignition (LOI) was measured by analytical routine TG001. LOI is the loss in 
weight expressed as percent of the initial “as received” sample weight obtained after ignition to 
1000°C to a constant weight. The loss in weight is due to the release of free moisture, chemically 
combined “lattice” water, CO2, SO2, and volatile pyrolytic products of any organic matter that 
may be present. A 1g sample is weighed into a tarred crucible and is ignited to 1000°C for one 
hour, cooled and weighed. The loss in weight is the LOI of the sample.  
Silicate Mineral Analysis 
Garnet, clinopyroxene and amphibole were analyzed by electron microprobe analysis to 
evaluate variations in major element compositions between skarn types and distribution along 
sections. Major element compositions of feldspars were analyzed to determine vein alteration 
halo types. 
Quantitative major element analysis of all the silicates were carried out using a JEOL 
JXA 8200 superprobe in wavelength dispersive spectrometry (WDS) mode, with 15 [kV] 
acceleration voltage and a 5 [μm] beam with 20 [nA] beam current, at the Advanced Analytical 
Centre, James Cook University. Generally, counting times were 20 [s] on peak and 10 [s] on 
background for each element. The data were processed using the Armstrong/LoveScott Phi-Rho-
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Z (φρz) method for matrix correction. Primary standards used are: albite for Na, orthoclase for K, 
fosterite for Mg, rutile for Ti, spessartine for Mn, wollastonite for Ca, synthetic SrO for F, and 
scapolite for Cl. The standards used for Al, Si and Fe will vary depending on the analyzed 
silicate. 
Calcite C-O Isotope Analysis 
Carbon and Oxygen isotopes of calcite were measured by the Advanced Analytical 
Centre at James Cook University. Calcite bearing rocks were sampled with a dental drill into 
separate clean containers. Before and between each sample the dental drill bit was cleaned with 
10% HCl then 18.2 ohm (Milli-Q) water and lastly ethanol. The drill bit was dried before the 
next sample.  
Stable oxygen and carbon isotope compositions were measured from carbonate using a 
ThermoFisher GasBench III gas preparation and introduction system connected to a 
ThermoFisher DetlaVPLUS at the Advanced Analytical Centre’s Environmental Isotope 
Laboratory at James Cook University. Carbon dioxide was produced by reacting carbonate with 
100% orthophosphoric acid in exetainer vials. Before introduction of carbon dioxide the 
atmosphere in the vials were replaced with He. The carbon and oxygen isotopes of the CO2 were 
then measured by the instrument.  
Repeat samples of NPS-18 and NBS-19 (international standards) provided 
standardization for monitoring of precision and accuracy. Standard deviation of the internal 
standards were less than 0.1‰ for both δ13C and δ 18O values.  
Cathodoluminescence (CL) imaging 
Black and white CL images of vermicular quartz phenocrysts within the rhyolite 
porphyry intrusion were imaged to investigate the relationship between primary growth zoning 
and the embayments filled with rhyolite matrix.  Color CL images of quartz stockwork 
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containing arsenopyrite were obtained to identify which phase of quartz hosts arsenopyrite-gold 
mineralization. 
Black and white cathodoluminescence imaging was carried out at the Advanced 
Analytical Centre, JCU on carbon-coated thin sections using a JEOL JSM5410LV SEM and a 
Robinson CL detector and photomultiplier. By covering the spectral range of 310 to 650 nm, the 
photomultiplier is more sensitive in gathering light in the blue to ultraviolet range than in the red 
to infrared range. Instrument operating conditions were set to an accelerating voltage of 20 kV 
and a beam current of ~10 nA.  
Color CL imaging was carried out at the Colorado School of Mines using a HC5-LM hot 
cathode CL microscope by Lumic Special Microscopes, Germany. The samples were bombarded 
by electrons and observed by a modified Olympus BXFM-S optical microscope. The CL 
microscope was operated at 14 kB and a current density of 10 µA mm-2 (Neuser, 1995). CL 
imagery was captured by a double-stage Peltier cooled Kappa DX40CC CCD camera. CL 
images were acquired over eight to ten seconds.  
SHRIMP U-Pb Isotope Analysis 
Clean 1-2 cm chips of the zircon rhyolite samples were lightly milled in a tungsten-
carbide ring mill such that all material passed through a 60 BSS mesh nylon sieve. Heavy 
minerals were concentrated by standard heavy liquid and magnetic separation techniques. Zircon 
grains were hand-picked and mounted in epoxy resin with chips of the Temora and SL13 
reference zircon, and then polished down to expose the grain mid-sections. Reflected and 
transmitted light photomicrographs, and cathodoluminescence (CL) SEM images were prepared 
for all zircons. The CL images were used to decipher the internal structures of the sectioned 
grains and to target specific areas within the zircons. 
The U-Th-Pb analyses were made using SHRIMP II, each analysis consisting of 6 scans 
through the mass range. The data have been reduced in a manner similar to that described by 
Williams (1998, and references therein), using the SQUID Excel Macro of Ludwig (2001). The 
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Pb/U ratios have been normalised relative to a value of 0.0668 for the 206Pb/238U ratio of the 
Temora reference zircons, equivalent to an age of 417 Ma (see Black et al., 2003). Uncertainties 
given for individual analyses (ratios and ages) are at the one sigma level, however the 
uncertainties in calculated weighted mean ages are reported as 95% confidence limits. Tera and 
Wasserburg (1972) concordia plots, relative probability plots with stacked histogram and 
weighted mean 206Pb/238U age calculations were carried out using ISOPLOT/EX (Ludwig, 
2003). 
LA-ICPMS Zircon U-Pb Isotope Analysis 
Uranium-lead dating of zircon was conducted using laser ablation ICP-MS at the 
Advanced Analytical Centre of James Cook University. Full analytical details are described in 
Tucker et al. (2013). Analytes collected were 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U, and 238U. The 
ICP-MS was tuned to ensure low oxide production levels (ThO/Th <0.5%) and approximately 
equal sensitivity of U, Th and Pb to minimize isotope fractionation due to matrix effects (See 
Pettke 2008). Fractionation and mass bias was corrected by using standard bracketing techniques 
with every ten zircon sample measurements bracketed by measurements of GJ1 (primary 
calibration standard; Jackson et al., 2004) and Temora 2 (Black et al., 2003). All zircons were 
analyzed with a beam spot diameter of 24 μm and selection of analytical sample spots was 
guided by CL images targeting rims. Individual analyses consist of approximately 30 seconds of 
signal of the gas background followed by 30 seconds of signal collected during zircon ablation. 
Analysis of the NIST SRM 612 reference glass was conducted at the beginning of every 
analytical session.  
Data reduction was carried out using the Iolite software. All time-resolved single isotope 
signals from standards and samples were filtered for signal spikes or perturbations related to 
inclusions and fractures. Subsequently, the most stable and representative isotopic ratios were 
selected taking into account possible mixing of different age domains and zoning. Drift in 
instrumental measurements was corrected following analysis of drift trends in the raw data using 
measured values for the GJ1 primary zircon standard. Age calculations based on measured 
isotope ratios were completed using Isoplot/Ex version 4.15. Analyses of the secondary zircon 
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standards were used for verification of GJ1 following drift correction. Age calculations for 
Temora 2 zircon standards were 419.0 ± 2.7 Ma which compare well with published values of 
416.8 Ma for Temora 2 (Black et al., 2003). 
One sample (CG17-57) was dated at the University of Tasmania. Laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb dating (Jackson et al., 2004) 
was undertaken using the methods detailed in Yang et al. (2015), with the following 
modifications for zircon analyses. Downhole fractionation, instrument drift, and mass bias 
correction factors for Pb/U in titanite were calculated using the zircon standard 91500 as the 
primary standard and secondary zircon standards Plesovice (Slama et al., 2008) and Temora 
(Black et al., 2003). These were performed at the beginning of the session and after every 12 
unknown zircon spots. The correction factor for the 207Pb/206Pb for zircons was calculated 
from analyses of NIST610 every 30 unknowns and corrected according to Baker et al. (2004). 
Common Pb in the primary standard was corrected for after the method of Chew et al. (2011).  
Measured ages of the Temora and Plesovice secondary zircon standards produced ages of 
419.4 + 3.0 and 340.4 + 2.3 Ma, respectively. These ages are equivalent to their published ages. 
Re-Os Molybdenite Isotope Analysis 
Three samples processed by metal-free crushing, then gravity and magnetic concentration 
methods, to obtain a pure molybdenite mineral separate for Re-Os age dating. Methods used for 
molybdenite analysis are described in detail by Selby & Creaser (2004). The 187Re and 187Os 
concentrations in molybdenite were determined by isotope dilution mass spectrometry using 
Carius-tube, solvent extraction, anion chromatography and negative thermal ionization mass 
spectrometry techniques. For this work, a mixed double spike containing known amounts of 
isotopically enriched 185Re, 190Os, and 188Os analysis was used (Markey et al., 2007). Isotopic 
analysis used a ThermoScientific Triton mass spectrometer by Faraday collector. Total 
procedural blanks for Re and Os are less than <3 picograms and 2 picograms, respectively, 
which are insignificant in comparison to the Re and Os concentrations in molybdenite. The 
molybdenite powder HLP-5 (Markey et al., 1998) is routinely analyzed at the University of 
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Alberta as a standard, and during the period of analysis returned an average Re-Os date of 221.0 
± 0.6 Ma, indistinguishable from that reported by Markey et al. (1998) of 221.0 ± 1.0 Ma. 
TIMA SEM Automated Mineralogy Analysis
Thin sections were coated and analyzed by TIMA SEM to image minerals in thin 
section. The samples were analyzed using automated scanning electron microscopy at the 
Colorado School of Mines. The samples were loaded into the TESCAN-VEGA-3 Model LMU 
VP-SEM platform and the analysis was initiated using the control program TIMA3. 
Four energy dispersive X-ray (EDX) spectrometers acquired spectra from each particle 
with a beam stepping interval (i.e., spacing between acquisition points) of 15 µm for overview 
scans and 7 µm for high-resolution scans, an accelerating voltage of 25 keV, and a beam 
intensity of 14. Interactions between the beam and the sample were modeled through Monte 
Carlo simulation. The EDX spectra were compared with spectra held in a look-up table allowing 
an assignment to be made of a composition at each acquisition point. The assignment makes no 
distinction between mineral species and amorphous grains of similar composition. Results were 
output by the TIMA software as a spreadsheet giving the area percent of each composition in the 
look-up table. This procedure allows a compositional map to be generated. Composition 
assignments were grouped appropriately. 
40Ar/39Ar Radiometric Dating 
Two amphibole samples for 40Ar/39Ar analysis were submitted to the geochronology 
laboratory at the University of Alaska Fairbanks where they were crushed, sieved, washed and 
hand-picked for amphibole mineral phases. The monitor mineral MMhb-1 (Samson and 
Alexander, 1987) with an age of 523.5 Ma (Renne et al., 1994) was used to monitor neutron flux 
and calculate the irradiation parameter, J. The samples and standards were wrapped in aluminum 
foil and loaded into aluminum cans of 2.5 cm diameter and 6 cm height. The samples were 
irradiated in position 5c of the uranium enriched research reactor of McMaster University in 
Hamilton, Ontario, Canada for various megawatt-hours. Upon the return from the reactor, the 
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sample and monitors were loaded into 2 mm diameter holes in a copper tray that was then loaded 
in an ultra-high vacuum extraction line. The monitors were fused, and samples heated, using a 6-
watt argon-ion laser following the technique described in York et al. (1981), and Benowitz et al. 
(2014). 
Fluid Inclusion Analysis
Microthermometric data on selected fluid inclusion assemblages were collected using a 
FLUID INC.-adapted U.S. Geological Survey gas-flow heating and freezing stage that was 
calibrated using synthetic fluid inclusions. Freezing temperatures were accurate to ±0.5°C. The 
accuracy of heating measurements ranged from approximately ±2°C at 200°C to approximately 
±5°C at temperatures above 600°C.
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